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SUMMARY
The work described in this thesis attempts to determine the degree
of retention of essential, non-essential and/or pollutant, trace and
minor elements that are taken into a tree’s system, in order to evaluate 
the usefulness of the elemental analysis of tree rings (dendroanalysis) 
as a means of investigating past environmental conditions.
A.list of elements that are of interest in such a study, is compiled.
The concentrations of many of these elements in a wood matrix can be
measured by using the multi-elemental analytical technique neutron activat­
ion, which is the method employed for the majority of analyses performed 
in this work. A brief outline of relevant tree physiology is given; and 
two sampling techniques, the irradiation conditions and the computer 
assisted analysis of results, are described.
Preliminary results are obtained by determining the concentrations 
of up to eighteen elements in an elm and an oak tree from the Guildford 
area, and a cedar tree that had been situated in the suburbs of Reading. 
Ring by ring variations of many of the elemental concentrations are 
plotted out, with particular reference to the physiologically different 
areas in which the growth rings are situated. From these results, and 
others reported in this thesis, it appears that the natural biochemical 
processes in a tree can alter some of the original elemental concentrat­
ions of the tree rings.
A three-dimensional analysis of a second elm from Guildford has 
Been performed, and the results from the two Guildford elms and a third
elm tree are compared to evaluate the effects of ’Dutch* elm disease, and 
an associated secondary infection, on the elemental analysis of elm trees.
Four elm trees from Stoke-on-Trent (a city which has had high levels 
of atmospheric pollution in the past) are analysed and compared with the 
results from the first Guildford elm.
Other methods that might be used for the elemental analysis of tree 
rings are also investigated, and some suggestions for future work in the 
field of dendroanalysis, are made.
I think that I shall never see 
A poem lovely as a tree.
From ’Trees’ by Joyce Kilmer
I dedicate this thesis to my 
parents.
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CHAPTER 1
DENDROCHRONOLOGY AND DENDROANALYSIS
o
1.1 The Original Idea
Various scientific techniques have been used and specially developed 
during the last forty eight years since the first results of a dendrochron­
ology study were published by Douglas in 1929 (1), to extract various types 
of historical information from tree growth rings. These seasonally varying 
patterns of growth, which occur in many types of tree, can provide information 
about the trees environment from a study of their composition, structure and 
shape, with the added advantage of the tree ringfs readily interpreted 
chronological scale in a structure that has maintained a fixed geographical 
location.
Because of these properties, growth ring patterns are utilized in 
many fields of scientific research including dendroclimatology (2), 
dendrochronology (3) and radiocarbon dating (4). Dendroclimatology and 
dendrochronology utilize the fact that the environment in which a tree 
lives can effect its rate of growth and this is reflected in the widths 
of a treefs rings. Dendrochronology uses the ring patterns as a dating 
tool; the series of ring widths from an undated wooden object are matched 
against the pattern of a master curve and by finding similar regions in 
the two sets of data the wooden object can be dated. The interpretation 
of growth ring patterns in relation to past climatic conditions is the 
basis of the science of dendioclimatology. Work in this field has shown, 
for example, that in semi-arid climates it is often possible to associate 
wide rings with wet summers and narrow rings with dry summers, while in 
northern climates it has been observed that temperature is a more dominant 
factor than rainfall. Recent dendroclimatology work has attempted
to determine the average prevailing temperature that had existed at the
time of formation of a growth ring, by measuring the ratios of the stable
isotopes of hydrogen and oxygen (5).
Measurements of the naturally occuring radioactive isotope of
carbon in dead organic matter has provided archeologists with an invaluable
dating method. Tree ring sequences have been used as accurately dated
14organic material with which the accuracy of the C dating technique has 
been checked.
Several elements, in varying concentrations, are incorporated in
the structure of trees, plants and all living organisms. The uptake of
elements by plants and trees from the soil' (many of which may be elements
essential for growth (section 1.4) ) can be controlled by the plant to
varying degrees. Various amounts of non-essential elements, present in
the plants environment, can also be incorporated in its structure, for
example, the accumulation of lead in plants growing near busy roads (6) .
If the levels of elements incorporated in the structure of each new
growth ring of a tree at the time of its formation, are reflected in a
subsequent elemental analysis of that ring, then tree rings could provide
useful knowledge of past environmental conditions. Radiocarbon is a
14specific case of this general hypothesis. The level of C in the 
atmosphere increased during the 1950fs and 60*s due to the effects of 
nuclear weapons testing, and this was reflected in the subsequent 
analysis of the radiocarbon content of tree rings (7).
If the study of the elemental analysis of tree rings, for which the 
term dendroanalysis has been coined (8), could be shown to be sufficiently 
sensitive for elements of environmental interest, then trees could be used 
as historical records of past environmental conditions. Tree ring 
sequences go back in time hundreds and even thousands of years.
Elemental evidence of environmental changes over recent centuries could,
for example, provide information about atmospheric pollution before and 
after the industrial revolution. Useful information of environmental 
changes might also be present in the tree rings formed in much earlier 
historical periods, for example, by measuring concentrations of copper 
in trees situated in the vicinity of a known Bronze Age foundry, the date 
of the start of the Bronze Age in that area might be accurately determined.
Many of the trace and minor elements present in the structure of 
a tree are taken in to its system from the surrounding soil. A detailed 
dendroanalysis survey of trees might not only provide information about 
the tree’s past environment but might also enable a characteristic 
pattern of elements typical of a specific soil composition to be 
established which might then enable the origin of ancient wooden objects 
to be determined. Similar analyses are already employed in archaeology 
to identify the origin of pottery, metals and glasses (4).
If the elemental analysis of tree rings does reflect environmental 
conditions at the time of the formation of the growth rings, as has been 
shown to be the case for isotopes of hydrogen, carbon and oxygen (5, 7), 
then the value of the historical information that this technique could 
provide would be considerable.
The Medical and Environmental Physics Group at the University of 
Surrey has been engaged in a number of air pollution surveys of the 
Guildford area, (e.g. 9, 10) the results of which now cover a. period from 
1967 to the present. In an attempt to extend these results further back 
in time, a study was initiated in 1974 to evaluate the usefulness of 
dendroanalysis as a method of obtaining information about historical 
pollution levels. The results of that work form the basis of this 
thesis.
1.2 Initial Objectives of this Study
The initial questions which required to be answered at the start of
this study were,
(i) which elements are present, and in what concentrations, 
in trees grown in a clean (i.e. natural, non-industrial) 
environment?
(ii) which elements are also present in trees from industrial 
areas that might be related to pollution levels?
A survey of the available literature was carried out to determine 
how much information was already available on this subject.
1.3 Previous Work Pertaining to Dendroanalysis
Many papers have been published concerning the analysis of various 
types of plant for one particular element. Several papers have also 
been published which have studied a single element in one or more 
trees, usually an element with possible pollution origins such as lead 
(11-17). Other single elements studies have measured manganese (18) 
and arsenic (19) in trees.
Only a few authors have published papers on the analysis of more 
than one element in the structure of a tree. The earlier papers 
considered elemental concentrations in various parts of a tree's anatomy. 
Young and Guinn (20) performed various types of chemical analysis, as 
well as neutron activation analysis (NAA) to obtain the concentrations 
of twelve elements in their samples. Their results for seven species 
of tree are tabulated with respect to nine different parts of the tree’s 
anatomy, (needles or leaves, small branches, branches (wood and bark), 
trunk (wood and bark), roots (wood and bark) and small roots).
Wright and Will (21) and Orman and Will (22) analysed Scots and 
Corsican pines, and Pinus Radiata respectively, to determine the 
variation of the nutrient contents along the length of the trunk, in 
different areas of a transverse section and in the needles, branches 
and bark. The elements studied in these two papers were nitrogen,
phosphorus, potassium, calcium, magnesium and sodium; and nitrogen
phosphorus, potassium and calcium respectively. The transverse sections 
of these trees were divided into samples from the heartwood (see section 
1.5) the transition zone (sapwood/heartwood boundary) and the sapwood 
(which was further subdivided into as many as four samples). The 
results of the analysis, which was performed by a variety of chemical 
techniques, showed differences in the concentrations of the elements 
studied, both between the different areas of the transverse sections 
and between the various sections taken from along the length of the 
trunk.
The sensitive analytical technique of NAA has become more widely 
available in recent years, enabling non-destructive multi-elemental 
analyses to be performed on small samples of biological material. By 
using this analytical method more recent work on the elemental analysis 
of wood has been shown to be capable of measuring elemental variations 
between adjacent rings, or small groups of rings. Four such studies, 
using NAA, have appeared in the recent literature (23-26) .
Vogt (23) sampled 63 individual growth rings from a walnut tree 
and analysed these by NAA to obtain results for 13 elements. Unfortunately 
only average values and the range of concentrations detected are quoted 
in the paper and potentially interesting information of the ring by ring 
variations is not given. No attempt is made in this paper or the other 
three studies using only NAA, to relate any of the results obtained to 
the physiology of the tree. VOgt also gives no details of the technique 
used to sample the tree rings and thus it is impossible to gauge the 
likelihood of any systematic contamination that was produced. The 
results he gives for the thirteen elements studied include values for 
aluminium whose determination can be ambiguous due to interferences; no 
details are given of the ratio of fast to thermal neutron fluxes used
or of any corrections that might have been necessary to allow for the
J 31 28fast neutron reaction P (n, a) AJl, (see Appendix 1).
Sheppard and Funk (24) used NAA to analyse samples containing 
increments of five rings, taken from tree cores in ore mining areas.
No differentiation was made between samples taken from the sapwood 
regions and the heartwood regions as Wright and Will (21) and Orman and 
Will (22) had done in their work carried out fifteen years earlier. 
Sheppard and Funk were mainly interested in the determination of heavy 
metals that are present in the trees that were studied and that might 
also be associated with ore mining. They do not give details in their 
article of the material that their coring tool is constructed from,or 
of possible contamination effects associated with it. In a paper
published in the same year (1975) Lepp (27) evaluated the biological
factors affecting the potential use of elemental analysis of tree rings
for the monitoring of heavy metal pollution patterns. He sounded a
note of caution due to the paucity of information then currently 
available concerning the uptake and retention of heavy metals in wood.
The work of Ricci (25) also fails to consider physiological 
differences that might exist in particular trees. By only analysing 
four samples from each tree core that was taken, Ricci provides less 
information with the sensitive technique of NAA than Wright and Will 
(21) did with a variety of chemical methods of analysis. Again no 
details of contamination or interference effects are given although the 
'time' variation in concentration of a number of metals, including 
aluminium, is plotted.
The fourth paper that has recently used NAA for the analysis of 
tree rings, is by Pillay (26). Once again the results obtained are 
not interpreted in terms of the different functional regions present in 
the cross-sections sampled. Details of the method of sample preparation, 
which was by means of a carbon steel drill, are given although no 
estimate of sample contamination (see section 2.1) is made. Pillay 
also reports results from 16 samples taken from around the same tree
ring. No graphical plots of the angular variations of the elemental 
concentrations,such as those reported later in this work (see chapters 
3-5)jare given,only a coefficient of variance from a mean.
It would thus seem that although the amount of potential information 
available from a datailed dendroanalysis study is large when a sensitive 
analytical technique such as NAA is used, the few papers so far 
published based on this idea have yielded little of this information.
No clear cut answers are present in the literature to satisfactorily 
answer the initial queries raised in section 1.2. Wright and Will (21) 
and Orman and Will (22) dealt only with elements that would be expected 
to be present in a tree due to their role as nutrients in plant systems, 
whereas the papers that utilized NAA, mostly failed to distinguish 
between expected essential elements and absorbed environmental 
indicators, although the 'time* dependance of certain elemental 
concentrations have been reported.
As the available information on typical elemental concentrations 
in wood was found to be limited, the first objective of the present 
work was to determine in detail the expected elemental concentrations 
in a tree from a clean environment. It is difficult to’ define exactly 
what a clean environment is in todays industrialised society, so the 
approach that was used for this initial dendroanalysis study was to 
analyse a tree from a non-industrial area with a known environment. As 
previously mentioned in section 1.1 a number of air pollution surveys 
(9, 10) of Guildford (a town with little heavy industry) have been 
carried out, and the results of these go back to 1967. Because of the 
availability of this data the first tree cross-section analysed for 
this study was taken from the Guildford area (see chapter 3).
1.4 Selection of the analytical technique
The factors that effected the choice of analytical technique used 
in this study were:-
(i) speed of analysis. If one sample was removed from every 
ring along one radius of a tree only 70 years old, and each 
of these samples are analysed for 18 elements (e.g. Ricci 
(25)), 1260 elemental concentrations will have to be determined. 
Thus to be able to carry out a comprehensive survey monitoring 
several elements, in several trees, the use of a multi­
element analytical technique is imperative.
(ii) the elements to be measured. From the work of Wright and 
Will (23) and Orman and Will (22) it seemed necessary to 
monitor the levels of several essential elements to see what 
ring by ring variations occur for these so that natural 
physiological variations can be distinguished from any real 
environmental changes. Also so that no elements present due 
to external causes are missed, the concentration of as many
elements as possible, that are connected with any form of
environmental pollution, should be measured.
Obviously various forms of chemical analysis, such as these 
utilized by Wright and Will (21) and Orman and Will (22) would be too
time consuming for the number of elemental determinations that will be
required even for an exploratory survey of ring by ring variations. Also 
some of these techniques would not be sensitive enough for the small 
samples that can be taken from an individual tree ring. NAA is a 
sensitive multi-elemental analytical technique which has been used in 
previous dendroanalysis type work (20, 23-26). It also seemed a suitable 
analytical method to use in this proposed comprehensive elemental survey 
of wood as NAA is capable of measuring varying concentrations of most of 
the elements it was thought necessary to monitor in this study.
Sixteen elements are considered essential for growth in all 
plants (28), the macro elements (generally present in concentrations 
in excess of 0.1% by weight)
hydrogen, carbon, nitrogen, oxygen, magnesium, phosphorus, sulphur, 
potassium and calcium; and the microelements (present in quantities 
smaller than 0.1%) boron, chlorine, manganese, iron, copper, zinc and 
molybdenum. Sodium, vanadium and cobalt are considered to be 
essential in some plants only (29). The concentration of all of these 
elements except for hydrogen, boron, carbon and nitrogen, can be determined 
to varying extents, by the use of standard NAA techniques. The previous 
air pollution surveys of Guildford (9, 10) had detected up to twenty 
elements in air filter samples, of which sodium, aluminium, chlorine, 
vanadium, manganese, bromine and indium were evaluated on a routine 
basis using NAA.
The analysis of industrial smokes (30) has shown them to contain 
quantities of such elements as fkiorine, nickel, copper, zinc, arsenic, 
antimony and lead, all of which have potentially toxic properties. Of 
these fluorine and lead can be measured by cyclic NAA (see section 7.3), 
and the other elements can be determined, with varying degrees of 
sensitivity by standard NAA techniques.
Hence, if sufficient quantities of the elements are present in a 
sample, NAA is capable of detecting most of the botanically essential 
elements, plus all of the elements detected in the Guildford air 
pollution surveys, as well as many of the elements detected in the various 
analysis of industrial smokes. NAA is also capable of detecting the 
presence of many other elements and, taken together with the substantial 
experience of NAA within the Medical and Environmental Physics research 
group it seemed to be a suitable multi-elemental technique for analysing 
wood samples.
The earlier analysis work of Wright and Will (21) and Orman and 
Will (22) had shown that there were variations in the concentrations of 
elements across a transverse tree section, and that these variations 
existed between functionally different regions of the tree. Hence some
knowledge of tree physiology could well be an aid in the subsequent 
interpretation of results from dendroanalysis.
1.5 An Introduction to Tree Physiology
Some useful basic information can be obtained from a short 
description of the appearance and function of each region that can be 
observed in a transverse section of a tree (31), for example Fig. 1.1.
The small core of material that is present in the centre of a 
ring pattern is the pith of the tree, which in this case is surrounded 
by a small amount of rotting xylem. The pith was a primary tissue which 
in a developed tree is probably functionless, although it may contain 
a certain amount of water and waste substances. Surrounding the pith is 
the xylem, which is the wood of the tree and contains all the growth 
rings formed during the life of the tree. The xylem consists of two 
different zones, which in many types of tree can be easily distinguished 
by their colour. The inner growth rings of the xylem, those immediately 
surrounding the pith, form the heartwood area of the tree. The growth 
rings of the heartwood are generally dark in colour, due to tannins, 
resins and colouring matter being deposited there. The heartwood region 
of the xylem is generally considered to be completely dead and acts only 
as a physical support and as a depository for waste materials. The 
outer rings of the xylem are the sapwood, and these are generally lighter 
in colour than the heartwood rings. It is through the outer rings of 
the sapwood that the conduction of sap occurs.
The xylem is surrounded by the cambium layer, in which new xylem 
and phloem cells are generated and from which new growth rings start. 
Surrounding the cambium are the cells of the phloem (or inner ^ bark) 
through which the transportation of materials from the leaves occurs.
This in turn is surrounded by the protective outer bark.
Thus a transverse section of a tree contains a number of different 
types of structure. The xylem, which is the main area of interest in 
this and most tree ring studies, consists of two regions each with a 
different function. The heartwood, which is totally dead and is used as 
depository for waste materials, and the sapwood,which contains living 
cells and is the. medium through which the water and solutes of the 
transpiration stream pass from the root system to the crown of the 
tree. Wright and Will (21) and Orman and Will (22) have shown that 
differences in concentrations of certain elements exist between these 
two areas, which in view of their distinctly different functions 
might not be unexpected. Any future interpretation of results in terms 
of environmental variables must .take into account these naturally 
occuring variations.
In many trees, including all those in temperate regions, the 
size, shape or rate of production of new cells varies throughout the 
growing season. This can result in the appearance of a series of 
concentric rings in the cross-section of a tree, each ring corresponding 
to one growth period. Trees in northern Europe normally follow an 
annual growth pattern. The start of the growth ring (spring wood) might 
be marked by the production of large, more numerous cells, while the end 
of a growth ring (summer wood) might be characterised by the presence of 
thick walled cells or a narrow zone of denser fibrous tisse. Growth is 
then virtually non-existent until the following spring. This regular 
chronological pattern can be disturbed by the effects of freak weather 
conditions, pests and disease. These can cause the suppression of parts 
of a growth ring or the production of a false annual ring. Hence care 
must be exercised when interpreting ring patterns in terms of years so 
that irregularities in the annual sequence of rings are detected.
A whole tree can be considered to consist of three main parts 
(Fig. 1.2), the trunk, the crown (leaves and branches), and the root
system. The trunk is covered with bark, which acts as an insulating 
layer and is largely gasproof, waterproof and fungus proof, thus 
inhibiting most exchanges with the surrounding environment. The leaves 
of a tree perform a variety of functions. These include the exchange 
of respiratory gases with the atmosphere and the control of moisture 
loss to the surrounding environment. Any uptake of various elements by 
the leaves must depend to a certain extent on the form in which these 
elements arrive at the leaf, although it is not obvious from the litera­
ture what exchanges take place between leaves and particulate deposits on 
them. The work of Little and Martin (32), has shown however, that air­
borne zinc, cadmium and lead, emanating from smelting plants in the 
Avonmouth area, is measurable in the leaves and soil of the surrounding 
area for distances of up to several kilometres. Elements that are 
absorbed by the leaves could be transported to the rest of the tree via 
the phloem, the pathway for the photosynthesis products produced in the 
leaves.
Water and various mineral nutrients are absorbed by the root system 
of the tree and are distributed within it via the transpiration stream 
which travels up the trunk through the outer sapwood rings. The uptake 
of essential, non-essential and extraneous elements into the transpiration 
stream via this pathway, depends largely on the conditions prevailing in 
the soil and the chemical form of the elements (see section 7.9). It is 
therefore possible that some of the environmental pollution which is 
deposited on soil could enter a tree's system via this route.
The study by Lepp (27) outlines these various pathways by which 
pollution associated metals can be taken into a tree's system. The 
possible movements of these elements within the tree are then discussed, 
and Lepp pinpoints the several scant areas of knowledge on this subject 
that require further investigation before dendroanalysis can be declared 
a useful environmental monitoring tool.
Due to the importance of the transpiration stream in the movement 
and distribution of mineral nutrients through the stem of the tree
to the leaves, it might be advantageous to consider the structure of 
the xylem (through which it passes) in more detail. The cellular 
structure of the wood of a tree is generally one of two types, that 
indicative of a coniferous wood (or softwood), or that of a dicotyledon 
(or hardwood). The main difference between the two structures is due to 
the number and type of cells from which they are constructed (31) . Wood 
structures can also be defined.into two other groupings. If the water 
conducting vessels are distributed more or less evenly, throughout the 
width of the growth ring, the structure is known as a diffuse-porous 
wood (Fig. 1.3). All softwoods are diffuse-porous as well as a number 
of hardwoods (e.g. beech, sycamore, willow and poplar). The second class 
of structure is that of ring-porous woods. These are characterised by the 
production of large early vessels in the spring wood and much smaller 
vessels during the rest of the growing season (Fig. 1.4). Elms, ashes 
and some oaks have this type of structure.
Lepp (27) suggests that the movement of the transpiration stream 
in ring-porous trees is mainly restricted to the large springwood 
vessels. These effectively function as a series of parallel *pipes' around 
the growth ring, connecting specific parts of the root system to particular 
leaves (Fig. 1.6). The passage of the transpiration stream through 
diffuse-porous wood (Fig. 1.5) is more complicated, due to the dispersal 
of the large water conducting vessels throughout the growth ring there is 
no fixed spatial relationship between the various ’pipes' and therefore, 
for example, their relative positions near the roots can be completely 
different to those near the leaves. Thus angular (round the ring) 
variations that may be present in ring-porous vessels could persist 
along the length of a tree's trunk while angular information existing 
in parts of a diffuse-porous tree would vary along the length of the
trunk and would not reflect the original information. If any meaningful 
elemental angular information is going to be observed in the analysis of 
tree samples it would thus be more likely to be detected in a ring- 
porous tree. This was borne out by some of the results obtained in this 
study and which are presented in chapter 3.
Little attention appears to have been paid to the type of 
tree structure used in some of the studies that have been cited in 
section 1.3. Ward et al (17) used ring-porous and diffuse-porous species 
in their study, whereas Ault et al (14) and Szopa et al (13) used only 
ring-porous trees (27). None of these papers specified to which of the 
two categories their samples belonged, nor do they relate their results 
to possible variations arising from the different types of wood structure.
A more detailed study of tree physiology could also consider the 
translocation of materials radially within a tree, i.e., the mechanisms 
present that might cause some of the elemental content of one tree ring 
to move into the adjacent tree rings. It is probably sufficient for 
this present work to mention the existence of living ray cells (of 
varying size according to species) along radial directions in the mainly 
dead cells of the xylem. Stewart (33) postulates that the ray cells 
may form an excretory pathway for potentially toxic metabolites and 
foreign substances which may be moved along the ray cells away from 
the cambial zone towards the heartwood. This is another potentially 
important detail of tree physiology which should be borne in mind when 
interpreting results of the elemental distributions in tree sections.
1.6 Selection of Samples
From the various foregoing discussions of work related to 
dendroanalysis it is clear there have been two quite different approaches 
to evaluating the usefulness of this type of work for environmental 
monitoring. The paper by Lepp (27) examines the present knowledge of
tree physiology to determine if dendroanalysis is viable, while on the 
other hand there has been the experimental approach of a number of 
authors who have analysed wood, leaves etc., to see if pollution 
products are present, e.g. Little and Martin (32). This present study 
has adopted the latter method but with a much more thorough and systematic 
approach than has previously been attempted.
The initial work consisted of the analysis of a tree from a
relatively clean environment (which had a known pollution history). The
results from this (see section 3.3) were then compared with results 
obtained from the analysis of trees from an environment that had 
previously been heavily polluted (see section 5.2).
Elms were used for much of the work reported in this thesis. This
was due to two main reasons, firstly they are ring-porous trees (see
section 1.5) and therefore there would be a greater likelihood of 
detecting any meaningful angular variation of elemental concentrations. 
Secondly, elms have been a popular urban tree, which has been mainly due 
to.their tolerance of poor environmental conditions. Because of this 
more elms are usually found in industrial cities than any other types of 
tree. Hence if industrial pollution effects were to be observed in a 
tree, many of the suitable.samples would be elms. Sections from several 
elms (of various ages) were obtained from areas around Stoke-on-Trent; 
which is a city that has suffered in the past from very heavy atmospheric 
pollution due to its ceramic industry. These trees had been felled 
following severe attacks of Dutch’elm disease. The results from the 
analysis of these samples were subsequently compared with those previously 
obtained from similar 'Dutch' elm ,1victimsM felled in a residential area 
of Guildford.
Other results reported in this thesis include the comparison of 
the elemental content of ring-porous and diffuse-porous trees (see 
section 3.4), a three dimensional survey of the elemental contents of an
elm tree (see chapter 4), an investigation of the effect of diseased 
areas of wood on the results obtained in dendroanalysis work (see 
chapters 4 and 6), as well as a discussion of other possible methods 
of analysis (see chapter 7).
A summary of the various results obtained for each element are 
presented in Appendix 2.
CHAPTER 2 
EXPERIMENTAL PROCEDURES
2.1 Preparation of samples from transverse tree sections
Two different methods of sample collection have been used in this 
study, the first of these, the preparation of samples from a transverse 
section of tree trunk, is outlined here, the second, the preparation of 
samples with a boring tool, is described in section 2.2.
In the first of these methods a transverse section is cut from the 
trunk of a felled tree with the aid of a power saw. The section is 
removed from the site and can then be sampled at leisure.
The sections that were used in this work were either sawn, 
plained or sanded after felling, to reveal the detailed ring structure. 
No restrictions have been placed on the dimensions of the sections 
that were used in this study such as those that are sometimes applied 
in dendrochronology, i.e., the longest diameter of the section should 
not be greater than the shortest diameter by a factor in excess of l.S 
(34). During the early phases of this work the transverse sections 
were cut into cubes of wood that were suitable for use on a microtome, 
and wood shavings were cut from these blocks in a direction parallel 
to the growth ring boundaries. Using this method of sample preparation, 
several shavings of wood could be taken from one growth ring, allowing 
variations in elemental content across a single ring to be measured. 
However this technique proved unsatisfactory for a number of reasons. 
Firstly as only very thin samples could be produced due to the nature 
of the machine, the mass of the samples (often <20 mg) proved to be too 
low to make statistically meaningful measurements of the concentration 
of several trace elements that were of interest in this study.
Secondly the thin shavings curled up, making it difficult to achieve a
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standard counting geometry for the activated samples. Thirdly the 
shavings often broke up in the transfer capsules (see section 2.3) which 
were used to send them into the reactor core, and fourthly, contamination 
effects from the cutting of the samples were accentuated by the large 
ratio of their surface area of contact with the cutting blade, to their 
mass.
Various degrees of contamination during sample preparation are 
inevitable as generally the only implements readily available for 
cutting wood are made from various types of steel. No consideration 
of contamination effects are reported in the papers mentioned in section
1.3 (23-26) which used NAA as their analytical technique. No details 
about the method of sample preparation are given in Vogt’s paper (23), 
while samples in the papers of Sheppard and Funk (24) and Ricci (25) are 
bored from standing trees. This method of sample collection is discussed 
in section 2.2. Pillay (26) took samples from the sawn surface of 
sections by collecting the shavings produced by a carbon steel drill; 
which is a method of sample preparation which is also likely to suffer 
from contamination effects produced by the tool material in contact 
with the relatively large surface area of the samples.
The geometric shape which gives the smallest ratio of surface 
area to volume is the sphere, but this would be an impracticable shape 
in which to cut samples. Sample size is also limited by the width of the 
growth rings if ring by ring variations are to be measured. In the case 
of the elm samples used in this study the width of the rings was found 
to vary between 2.5 and 4.5 mm. Cylindrically shaped samples were 
used in the work described in this thesis, in order to keep the 
contamination effects as low as possible while producing samples with 
as large a mass as possible and still keeping within the width of the 
growth ring. Sample mass was maximised by making the diameter of the 
cylinder of wood approximately equal to the ring width, and the direction
of sampling was parallel to the length of the trunk. A boring tool was 
specially designed to produce these type of samples. The tool (Fig. 2.1) 
was constructed from hardened silver steel and consisted of a tube with 
four saw teeth at the cutting end. The saw teeth jutted out from the 
length of the tube by 0.5 mm to cut a clearance, which allowed for the 
saw dust produced,to escape.
The cores of wood produced in this way, had a diameter of 2.5 mm, 
which was about the width of the smallest individual ring sampled.
Larger rings which were sampled, had the sample removed from the 
approximate centre of the ring so that it did not contain a preponderance 
of either spring or summer wood. The transverse sections that were 
sampled in this study were about 25 mm thick. The outer 5 mm at both 
ends of the cylindrical core samples, were trimmed off with a scalpel 
blade to remove areas that had been in contact with the saw. The 
resulting samples had masses varying between 40 and 100 mg, depending 
on the type of wood.
The transverse sections were stored at room temperature while
awaiting further handling and consequently had lost most of their moisture
content before the individual rings were sampled. The first series
of samples from the Guildford elm (see section 3.1) were oven dried at
a temperature of 60°C for 2-3 hours to remove residual moisture. All
subsequent samples were prefrozen and then freeze dried in an Edwards
-2High Vacuum freeze drier until a vacuum of 5 x 10 torr was obtained; 
this method of drying samples has been shown to minimise the loss of 
voltatile elements (26).
2.2 Preparation of samples with a boring tool
While sampling transverse sections of trees is convenient it 
cannot be categorically stated that the variations in the concentration 
of elements in these samples are exactly those present in the living
tree. No studies appear to have been carried out to see what migration 
of elemental content, if any, takes place as transverse sections slowly 
dry out. To investigate what differences in elemental content existed 
between living trees and dried sections, a method of quickly sampling 
living, standing trees was required. One device, which is used in 
various forestry, applications for sampling growing trees, while doing 
a minimum of damage, is the increment borer.
A ’Pressler Increment Borer* (Fig. 2.2) was obtained from J.M. 
Steward of Saxmundham, Suffolk. The boring tool consists of a steel 
tube, 4.35 mm in diameter and 300 mm in length. At one end is a sharp 
edge followed by a wide pitch screw thread, and at the other is a 
detachable handle. The action of turning the handle in the direction 
of the thread of the screw, causes the screw to move through the wood in 
which it is embedded, thus pulling the tube through the tree and produc­
ing a rod of material approximately 4.35 mm in diameter and up to 300 mm 
in length. Two trees were sampled in this manner, an oak and an elm, 
and the results obtained are reported in section 3.5. The cores taken 
across the diamter of these trees were cut with a scalpel blade into 
small lengths containing one or two growth rings. Sectioning was 
carried out as soon as the core was removed from the tree, and the samples 
were immediately stored in preweighed airtight polyethylene capsules. 
Subsequently these were reweighed to obtain the *wet* weight of the 
samples. The samples were also *dry* weighed after the appropriate 
freeze drying procedure (described in section 2.1).
If no differences are found between the elemental distributions 
in living trees and dried transverse sections, then the sampling of 
transverse sections must be considered to be the most convenient 
method, except in the case where it is not possible to fell a particular 
tree. This is because except by taking borings along several diameters 
(which would probably kill a tree) it is not possible to obtain the
round-the-ring samples which can easily be taken from a transverse 
section. Also the interpretation of the numbers of growth rings is 
more difficult with samples taken from an increment borer. Quick 
sectioning is required to prevent any drying out, and a knowledge of the 
ring pattern around the rest of the transverse section is not available 
to help with the. identification of missing or false rings.
Contamination effects with the increment borer are likely to be 
greater than those caused by the saw tooth borer used on the tranverse 
sections, due to the continuous surface contact between the borer and 
the whole of the sample. The results obtained from the *Pressler Borer1 
with particular reference to contamination effects, are discussed in 
section 3.5.
2.3 The analytical technique
The principles and the general use of NAA have been explained and 
discussed in numerous books and papers (e.g. 35-38), and will not be 
repeated in detail;here. One of the major prerequisites of NAA is the 
determination of suitable irradiation conditions for the sample under 
consideration. When multi-elemental samples are to be activated, the 
selection of the irradiation conditions is usually a compromise which is
based on the likely elemental composition of the sample and the induced
activity of the elements of interest under various irradiation conditions. 
The response of a detector to the activity from an irradiated sample of 
a single element is given by:
_ elm Nfa 4> -At.\ f -At . -At .
D =  AA  (1~e (e w) (1"e c)
where e . is the detector efficiency at the energy of the y-ray of interest
I is the number op y-rays pe^ ciisUt^ i^ Ltco/ij
m is the mass of the element of interest;
N is Avogadro's Number;
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f is the fractional abundance of the target isotope;
o is the activation cross-section for the reaction;
(j> is the irradiating flux;
X is the decay constant for the induced activity?
A is the atomic weight of the target element? 1
t^ is the length of the irradiation period;
tc is the length of the counting period on the detector;
and tw is the length of time between the end of t^ and the start
Of tc.
From this it can be seen that D could be maximised (Dgp,p) by 
making t^ and t ^infinitely long and t = 0, the optimum conditions 
for a single element in a non-interfering matrix.
The most useful thermal neutron reactions for the analysis of 
each of the elements that it was considered necessary to study in wood 
samples (see section 1.4), (as well as other reactions that also been 
detected in this present work) are listed in Table 2.1.
The concentration of 20 of the 22 elements of interest in 
dendroanalysis work are quoted for the standard botanical material 
Bowens Kale (39). Taking the values of these elemental concentrations 
in the Kale as possibly being similar to those that might be observ'ed 
in wood, the value of Dgp^ was determined for each of the most likely 
thermal neutron reactions. In Fig. 2.3 these D^p^ values are related 
to the half-lives of the isotopes produced. -
The total range of the half-lives of these isotopes (0.8 seconds 
to 5.24 years (40) ) is too big to obtain meaningful results for all 
the elements of interest with one short irradiation, although it would 
be desirable to keep the number and length of the irradiations as 
small as possible to enable the maximum number of samples to be analysed
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in the experimental time available. The range of the half-lives can be 
divided into three main groups, (i) half-lives shorter than one minute,
(ii) half-lives longer than one minute but shorter than one day, and
(iii) half-lives longer than one day. From figure 2.3 it can be seen 
that the majority of the elements (15 out of 20) fall within group (ii), 
and most of these have half-lives of less than 15 minutes. Also the 
elements in group (ii) which produce isotopes with half-lives longer 
than this can be seen to activate to a greater extent (under their 
ideal irradiation conditions) than the elements producing shorter lived 
isotopes.
Initial trial irradiations were carried out using a ten minute 
irradiation time, a ten minute long counting period, and an intervening 
waiting period as short as possible in order to maximise the response 
of the short lived isotopes.
The shortest possible transfer time obtainable (see later in this 
section) between the end of the irradiation and the positioning of the 
activated sample on the detector for counting is 35-40 seconds. A standard 
waiting time of one minute was therefore used to allow for any slight delay 
that might occur in the transfer. An irradiation time of ten minutes had 
been selected to allow the activity of the short lived isotopes to build up 
to a value approaching their Dqpj. level, while keeping the activity of 
the longer lived, more easily activated isotopes well below the values 
of their much higher levels, but still enabling them to produce a 
statistically significant value for D. Similarly during a ten minute 
counting period the majority of the photons produced from the short 
lived isotopes will be emitted and probably a significant number will 
also be produced from the longer lived isotopes in group (ii). A 
longer counting period would thus add nothing to the peaks in the gamma- 
ray energy spectrum that are produced by the short lived isotopes, but 
the additional Compton scattering of gamma-rays from the longer lived
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isotopes would increase the continuum under the peaks and hence reduce 
the detection limits (see section 2.4). Longer and shorter irradiation 
times were tried but no additional information was available from a 15 
minute irradiation, and some was lost in a 1 minute or 5 minute irradiation. 
Oxygen and antimony were also sometimes detected in the samples of wood 
by using the above irradiation conditions. The other elements in groups
(i) and (iii) require special irradiation conditions, which are discussed 
in section 7.2. A comparison of the elemental concentrations that 
were determined in wood, with those of a standard botanical material are 
given in Appendix 2.
All irradiations were carried out at the Univeristy of London 
Reactor Centre (ULRC) at Ascot, using the 1Consort1 swimming pool type 
reactor, running at its maximum permitted power of 100 kW. Long 
irradiations (see section 7.2) were performed in the 0° face core tubes
of the reactor, where the maximum values of the thermal and *fastf
" 1 2  12 -2 -1 fluxes are nominally 1.6 x 10 and 0.6 x 10 n.cm sec respectively
(41). All shorter irradiations utilized the in-core irradiation system
(ICIS) where the flux levels to which the samples are subjected are a
12 -2 -1thermal flux of about 2.3 x 10 n.cm sec and a 'fast* flux of
12 -2 -1 approximately 1.1 x 10 n.cm sec .
The samples of wood, prepared as in sections 2.1 and 2.2, were
sealed in polyethelene containers. These were transferred to their
irradiation position in the reactor core via a 7m long pneumatic fast
transfer tube, through which capsules are propelled by compressed
oxygen free nitrogen. At the end of the irradiation period the capsules
are sent on, via another transfer tube (approximately 100 m in length),
to one of the radiochemical laboratories at the Reactor Centre. The
sealed capsules are broken open inside a fume cupboard and the solid
radioactive sample of wood is manually transferred to the neighbouring
counting room. It is then placed in a 3 mm diameter groove in a
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perspex disc, which is positioned above a semi-conductor detector, 
thus ensuring constant counting geometry.
The counting equipment used for the routine irradiations consisted 
3
of a 38.5 cm Canberra 7219 (Ge (Li) ) detector with a resolution of
2.1 keV at 1332 keV, linked to a Canberra 1412 research amplifier. The 
output from this was processed by Laben 8000 series equipment, consisting 
of an 8192 channel analog to digital converter (A.D.C.), model no. 8210 
and a 4096 channel multi-channel analyser. These produced gamma-ray 
energy spectra covering the range ^50 - 4096 keV. Accumulated data, 
at the end of a counting period, is dumped via a suitable interface to 
a Pertec 8j" reel 7 track magnetic tape deck for subsequent computer 
analysis, which is described in detail in section 2.4.
The sequence of events during an experimental period is as follows. 
The sample is shot into the core and irradiated for ten minutes. The 
signal which causes the capsule to be ejected from the core at the end 
of this period also sends a start pulse to the analyser. This travels 
to the analyser via a "Harwell series 2000" type delay unit, set in this 
case to delay for 60 seconds. Transit time for the sample to travel 
from the core to the fume cupboard is ^17 seconds. 35-40 seconds after 
the end of the irradiation the sample is in its counting position on 
top of the detector. 60 seconds after irradiation, the delayed start 
pulse triggers the analyser, which then begins its preset 600 seconds 
(clocktime) count. Two minutes after the end of the first irradiation 
and one minute after the start of the subsequent count, the second 
sample is shot into the core for irradiation. At the end of a ten 
minute count the analyser dumps the accumulated data from the 4096 
channels of its memory to magnetic tape in M  seconds. The memory 
is then automatically erased and the analyser is now ready for the next 
start pulse which will arrive at the delay unit in ^56 seconds time.
Before this arrives the cycle is completed by the manual removal of the
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counted sample. In this way it has been possible to analyse up to 38 
samples of wood in a reactor operating day of 7.5 hours. The effective 
experiment time achieved by irradiating a sample while the previous one 
is counting, is 12 minutes per sample, which is equivalent to less than 
1 minute of experiment time per elemental determination, per sample.
A total of 1,412 samples of wood have been analysed in this manner in 
the period between October 1974 and April 1977, and the results 
obtained form the basis of this report.
2.4 Computer Analysis of Gamma-Ray Spectra
The introduction of the high resolution Ge (Li) detector to 
gamma-ray spectroscopy, coupled with the increasing use of large 
memory multi-channel analysers, created an enormous increase in the 
amount of spectral data requiring analysis, a problem which could 
only be solved by use of computer reduction on a routine basis. Several 
computer programs have been written over the last twelve years to 
fulfill this need (42-46). There are several ways in which these 
programs carry out their function, but generally they all measure a 
defined summation parameter of the data which forms a peak in the 
spectrum; or the peaks are first'fitted* i.e., represented by a 
mathematical function, in which case a particular summation parameter 
of the fitted data is then calculated. Studies have also been carried out 
(47,48) inter-comparing various functional representations of gamma-ray 
spectrum peaks that have been used in some of these types of programs.
The International Atomic Energy Agency (IAEA) has recently (September 
1976) initiated a programme to evaluate the accuracy of the various 
methods of computer analysis used in different analytical laboratories.
The gamma-ray spectrum analysis program that has been available 
at the University of London Reactor Centre since September 1974, is a 
version of Routti and Prussin's SAMPO (42) which is run on the University
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of London Computer Centre (ULCC) C.D.C. 6600 computer. SAMPO, judging 
by the number of references to it in the literature, must be one of the 
best known programs of its type. It is extremely comprehensive and no 
more than a brief description of the parts of the program pertaining 
to the present work will be attempted here. The program performs two 
main functions, firstly it finds the peaks in a gamma-ray spectrum and 
secondly it determines the areas under the peak, a quantity which gives 
a measure of the concentration of the isotope.
No difficulties are encountered in accurately determining, by any 
method, the sum of the data under a strong single peak (48) but large 
uncertainties can arise when simple summation techniques are applied to 
weak peaks that have poor statistics and hence are difficult to 
distinguish. Due to the variation in resolution of Ge (Li) detectors 
with gamma-ray energy, the shape of photopeaks is also energy dependent. 
Routti and Prussin (42) suggest that if a functional representation is 
evaluated for a number of strong single peaks in a spectrum then the 
shape of a peak at any energy could be interpolated from the results, 
and thus knowing what shape the peak should b$ a better determination 
of the area under that peak can be arrived at. The functional repre­
sentation that Routtd and Prussin"(42) determined as giving the best 
results out of the various functions they tried, was that in which the 
central part of a peak is described by a Gaussian and the tails by 
simple exponentials which join the Gaussian so that the function and 
its first derivative are continuous. SAMPO* s- SHAPEDO routine determines 
the values which define the shape of a strong peak in terms of these 
functions. The continuum under a peak is approximated by the shape of 
a polynomial.,
The routine for determining the presence of a peak in the spectrum 
performs this task by first generating coefficients for a data smoothing 
procedure. These values are calculated from previous shape data produced
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from strong, single peaks by the SHAPEDO routine; an example of the 
variation of the shape parameters with energy, for a Ge (Li) detector, is 
shown in Fig. 2.4. The statistical significance of the smoothed data in 
each channel of the spectrum is then computed and this value is compared 
with threshold values to determine if a peak is present. Peaks so 
detected also have to pass a shape test before acceptance. All the 
peaks whether accepted or rejected, are tabulated in the print out (see
J '
Fig. 2.5a).
Numerous optional routines and variations, on these two main parts 
of the program can be performed. Some of the more important aspects 
included in the program are energy and efficiency calibration routines.
By providing the program with energy and efficiency data for specific 
energies in the gamma-ray spectrum.(determined by using known strength 
calibration sources) it is capable of producing linear and polynomial 
energy calibrations and logarithmic efficiency calibrations as well as 
fitting the efficiency values to a special function stored in the 
program (42). The program also contains routines to automatically 
select fitting intervals around the peak and to separate multiple (or 
overlapping) peaks.
A number of additions have been made to the local version of 
SAMPO, many arising from the present work. One of the minor additions 
concerned the routine which determines the fitting interval around a 
peak. If, when this is evaluated, it is less than a given value, 
which is a factor of the full width half maximum (FWHM) of the peak, a 
straight line background is substituted instead of the polynomial 
approximation. This is in order to avoid spurious results when 
insufficient information is available for the polynomial background fit. 
The linear background fit was often found to be unsatisfactory and an 
additional option of expanding the fitting interval by a fixed number 
of channels has been added to the FITDO routine, to enable sensible
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polynomial background fitting to be performed, instead of the 
compulsory linear fit.
The results for peak areas are tabulated by the RESULTS routine
in the program^which also relates the peaks to the appropriate energy 
(see Fig.2.5b),
and efficiency values/ The routine, however, does not provide direct 
information about which isotopes are present in any particular sample.
It was felt from the point of view of this project that this was a major 
failing as with so many samples requiring analysis, an automatically 
produced results sheet giving direct information concerning the identity 
of the isotopes present in the sample and their concentrations was 
highly desirable. This extra information was subsequently provided 
by a modified version of the RESULTS routine. This has since been 
further modified and expanded in the light of experience and is available 
as a completely independant routine known as ANALYSIS (49).
The analysis of similar materials under constant counting conditions 
greatly simplified the amount of information that was needed for ANALYSIS. 
Many gamma-ray peaks were present in nearly every spectrum produced, 
during the present work, such as those obviously present in all biological 
materials, e.g. sodium, chlorine, manganese, etc. Also the peaks from 
many other isotopes were unlikely to ever occur in any of these spectra 
due to the length of their half-lives or the fact that the element is 
not often found in biological materials. So, although it would be 
possible to create a store of information in which every known peak of 
every isotope could be stored, in a series of. similar samples, run under 
the same conditions, only a small fraction of this information would 
ever be used. The following procedure (which required a minimal increase 
in program storage space in the computer) was devised for routine 
peak identification and the determination of elemental concentrations.
A small number of representative samples are irradiated using 
the irradiation conditions which will be used for the rest of the
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series of samples. From the peak positions as determined by the RESULTS 
table, it is possible by the use of various data tables (40, 50), to 
determine the identity of the photo-peaks in the samples. Many of these 
will be common to all the subsequent samples and their identification 
can thus be performed by computer. The peak identification routine 
requires one card to be punched for each commonly occuring peak. The 
information contained on this card consists of (i) an identifier for 
the peak (e.g. MN56, CL38, NA24S.E., etc.) (ii) the energy in keV at 
which this peak occurs, (iii) an estimate of the error in the value of
(ii) expressed in (±) keV, (iv) a mass calibration factor (discussed 
later in this section), (v) % error in (iv) and (vi)the half life of 
the isotope in seconds. The computer carries out a comparison of the 
energies of the peaks found and fitted by the SAMPO program, with those 
given on each of the isotope cards. If a correlation occurs within the 
limits set by the uncertainty of the position of the peak, that peak is 
identified in the ANALYSIS results table with the appropriate identifier. 
The identifier is left blank alongside unidentified peaks, making it. 
obvious that these require the operatorfs attention. The table glsb 
gives* the fitted area under a peak but corrected for the mass of the 
sample (counts/mg) and approximately for dead time ( (counts/mg) x (clock 
time/live time) ). The deadtime recorded during the counting of 
irradiated wood samples was typically found to be less than 4%.
Absolute elemental concentrations are determined by ANALYSIS from 
a comparison with results obtained from standard botanical materials, 
in this case National Bureau of Standards' (N.B.S.) Orchard leaves (51) 
and Bowen*s Kale (39). These are irradiated and counted under exactly 
the same conditions as the series of materials under consideration.
The ANALYSIS results table gives the mass and deadtime corrected peak 
areas for these materials, and in the case of standards this quantity is 
equivalent to well defined concentrations of the elements giving rise to
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those peaks. Hence it is possible to say from these measurements that 
1 count/mg (dead time corrected) is equivalent to a concentration of a 
given element, i.e., equivalent to a certain number of yg/g. This 
number is the mass calibration factor, the fourth parameter on each 
isotope card. The computer then only has to multiply the corrected 
area in any subsequent ANALYSIS table by the mass calibration factor, 
to give the concentration, in yg/g, of the element that gives rise to 
that particular peak in any other similar sample. The error associated 
with the mass calibration factor, the fifth parameter on the isotope 
card should not only reflect the uncertainty- in the value of the mass 
calibration factor but also the experimental error associated with each 
sample, i.e., the uncertainty in its mass, the timings and the flux.
This error is added to the uncertainty in the area of the peak 
(generated by SAMPO) to give a total % uncertainty for the concentration 
of the element.
Due to variations in the activity of different samples it is 
sometimes necessary to alter the waiting time between the end of 
irradiation and the start of counting. This can be allowed for by 
including the half-life of each isotope on the isotope information 
cards. The ANALYSIS routine is controlled by one punched card. This 
contains the following information, (i) the increase in waiting time 
in seconds (if different from that used for the calculation of the 
mass calibration factors), (ii) the number of isotope cards (which 
immediately follow the ANALYSIS card) and (iii) the mass of the sample 
in mg. The ANALYSIS table (e.g. Fig.2.6a) contains the following 
information, title, clocktime, live time, additional waiting time (if 
any) and the mass of the sample. Each peak that has been found and 
fitted by SAMPO is then listed with this information, (i) peak centroid 
(in channels) (ii) error in (i), (iii) peak centroid (in keV), (iv) 
error in (iii), (v) identifier if any, (vi) concentration of element in
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sample (if mass calibration factor present) and (vii) the error in (vi).
Although ANALYSIS provides useful information concerning the peaks 
found by SAMPO it did not originally provide information about the peaks 
present on isotope cards, but not found in the spectrum by the computer. 
During the preparation of the results presented in this work it was 
considered that it would be useful to have this type of information.
It is possible for small numbers of counts, corresponding to a 
particular isotope, to be undetected in a gamma-ray spectrum because 
they are fewer in number than statistical fluctuations in the continuum 
of the spectrum. The maximum size of a statistical fluctuation in the 
background (at a given point in the spectrum) which would just escape 
detection as a peak (due to the criteria in the program which define 
the presence of a peak) is a quantity which represents the largest 
possible number of counts that could be present due to the undetected 
isotope. In a similar way to that in which the sum of counts under a 
peak can be related to a specific concentration of an element, these 
counts can be related to the maximum concentration of that element which 
could be present in this particular matrix and escape detection.
ANALYSIS has been recently modified to provide the maximum 
concentration of each element that is associated with an isotope card 
that has not been matched with a peak in the spectrum. The criteria 
used to determine these maximum concentrations are those outlined by 
Spyrou et al (52) . The background (B) is defined as the sum of the data 
in the continuum under the peak. The number of channels used for this 
summation by ANALYSIS (and by Spyrou et al (52) ), are those between 
the full width tenth maximum (FWTM) values of the peak. The area of 
the peak between these limits, if the shape of the peak is assumed to 
be approximately that of a Gaussian distribution, is 96.8% of the total 
area of the Gaussian and therefore this interval encompasses most of the 
significant signal. Also for a Gaussian distribution FWTM = 1.82 x FWHM,
and as the FWHM is an energy dependant shape parameter generated by 
SHAPEDO, by a simple extrapolation the number of channels 
lying within the limits of a photopeak at any energy, can be calculated. 
ANALYSIS sums the data for this number of channels, about the energy 
of the undetected isotope, to obtain B. The statistical variation in 
B is y^B, and a detection criterion Can be defined as fv'lT, where f is a 
function which is chosen according to the degree of confidence required. 
Spyrou et al (52) calculate their detection limits with f = 2. This is 
the value off used in the ANALYSIS routine (see figure 2.6b), but if 
any other value of f is required the results need only to be multiplied 
by f/2.
This new part of the ANALYSIS routine will prove useful in 
providing detection limits in the results of large numbers of individual 
samples. In the present work, in some of the graphical plots of results 
in chapters 3-6, a value of the minimum detected concentration is 
shown. This is approximately equivalent to the minimum detection limit 
of that element in the majority of the samples depicted in these graphs. 
The detection limit is dependant on the matrix of the sample, and in most 
of the samples taken from the xylem the matrix can be considered to be 
fairly similar; however samples from specific areas of the tree, such 
as inner and outer bark, and pith, have quite different matrices and the 
detection limits in these and other samples are now provided routinely 
by ANALYSIS, as well as the results of peak identifications and elemental 
concentrations.
During a six month period of sabbatical leave at the Korea Atomic 
Energy Research Institute, Dr. T.D. MacMahon of the University of London 
Reactor Centre, also developed, independently, a photopeak identification 
routine (49, 53) to use in conjunction with SAMPO. The IDENTIFY routine 
contains an extensive list of nuclear data relevant to thermal neutron
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activation analysis. For each isotope listed the following information 
is available (53), energy of photopeaks associated with the isotope, 
the intensity of the photopeaks, the half life of the isotope, the 
atomic weight of the target element, the natural abundance of the 
target isotope and the cross-section of the reaction. From this 
information the subroutine identifies all the possible isotopes 
associated with a particular peak, then providing that the length of 
the irradiation period, the length of the waiting period and the thermal 
neutron flux are given, it calculates the equivalent mass of each 
element from the activation equations (35), (see section 2.3). The 
length of the counting period,which is also required* is recorded by 
the multi-channel analyser with the data of the spectrum. Various 
checks are performed on these identifications such as a search for the 
most intense photopeak of an isotope.
ANALYSIS and IDENTIFY perform similar functions but by different 
methods. ANALYSIS requires a certain amount of preliminary work to 
decide which isotopes are generally present in a series of samples, and 
also to evaluate their mass calibration factors. Unidentified peaks in 
the ANALYSIS results table require the operator*s attention. The only 
preliminary work required to use IDENTIFY is a determination of the 
variation of the efficiency with energy of the detector used. The 
routine then identifies all photopeaks present that result from a 
thermal neutron reaction. This usually produces multiple peak 
identifications, the number depending on the size of the energy 
uncertainty of a peak. The operator is always required to evaluate 
which identification is correct. IDENTIFY provides no information 
about the detection limit of undetected samples.
One of the possible sources of error in the calculation
of elemental masses by IDENTIFY is the uncertainty in the value of 
the flux used. The quoted ICIS fluxes (see section 2.3) have an
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uncertainty.value of ± 1Q%* One method of minimising this uncertainty 
is to derive a value for the flux from a comparison of the results 
obtained by using IDENTIFY with the known concentrations associated 
with strong peaks in a spectrum produced by irradiating a standard 
material. On one occasion during this work, this type of comparison 
when carried out with N.B.S. Orchard leaves, produced a large dis­
crepancy. The experiment was carried out soon after the annual reactor 
shutdown, during which some of the fuel rods had been rearranged, and
a new absolute determination of the thermal neutron flux showed it
12 - 2 - 1to be about 2.3 x 10 n. cm s , whereas previously it had been about 
12 -2 -11.5 x 10 n. cm s . Substituting the new value of the flux in 
IDENTIFY, gave differences between the calculated values and the quoted 
values for sodium, chlorine and potassium in Orchard leaves of less 
than 11%.
In the present work IDENTIFY and ANALYSIS have both been utilized. 
IDENTIFY has been used to produce data to augment the mass calibration 
factors evaluated from standard materials, and these additional values 
have then been incorporated in the isotope cards used for ANALYSIS. 
IDENTIFY however, does require a large amount of additional computer 
core, to store the information it uses. This has caused SAMPO jobs 
using this routine to have a lower priority and thus a longer turnround 
time. A standard SAMPO analysis (including an ANALYSIS results table) 
of gamma-ray spectra stored on magnetic tape, can have a turnround 
time of J - 1 hour. The same job using the IDENTIFY routine could
have a turnround time of 16 - 24 hours.
The SAMPO program takes approximately 1 second of the computerfs
central processor (CP) time (on the CDC 6600) to fit one peak. In
this present study the gamma-ray spectra produced generally contained 
25-35 peaks, e.g. Fig.2.7. Thus the average CP time for one typical 
spectrum, and results tables, was just under one minute. Multiple
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spectra analysis is possible with SAMPO but in this case it was found 
more convenient to run separate computer jobs for each spectrum 
generated; this saved the duplication of control cards (one set is 
required for each spectrum in one job) and the analysis of more than 
one spectrum at a time would have increased CP time past one minute 
which would have given the jobs a lower priority and thus increased 
the turnround time.
After a series of irradiations has been performed and the spectra 
accumulated on magnetic tape (each tape can contain up to 240 
4096 channel spectra), the tapes are delivered to ULCC by courier.
The data on them can then be accessed over a direct link by the remote 
terminal at ULRC, which consists of a control VDU terminal, a card 
reader for loading jobs and a line printer for the output.
For each sample that has been irradiated the following information 
(on punched cards) is required; tape and spectrum number, title 
information and mass of sample. A standard set of control cards 
(including calibration data) can be repeatedly.read through the . 
card reader,with only the cards containing individual sample information 
needing to be changed each time. For a typical days number of 
irradiations^ 20-30), all the relevant computer jobs can be loaded
■ i
through the card reader in under an hour. The typical lengths of time 
that elapses before output is received on the line printer have been 
indicated earlier in the comparison between ANALYSIS and IDENTIFY.
The local version of'SAMPO also contains a microfiche output option 
whereby all the SAMPO output (except for the data about the initial 
peak search, and the various results tables) is diverted to the microfiche 
system at ULCC for subsequent courier delivery. Graphical representations 
of the spectra can also be produced by the program, directly on to 35 mm 
film.
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2.5 Intercomparison of Methods for Processing Ge (Li) Gamma-Ray Spectra
The IAEA . organise various intercomparisons for analytical 
laboratories. These generally serve a (u/cfold purpose, firstly
to evaluate the elemental content of standard materials, and secondly 
as a measure of the accuracy of analytical techniques as employed in 
the various laboratories.
Many analytical laboratories use NAA as their main analytical 
technique and this invariably requires some form of computer reduction 
of the data. As mentioned in section 2.4, many types of program are 
available to perform this function. Some programs are used in several 
laboratories, such as SAMPO, but the results from these are often open 
to operator interpretation and so cannot be considered as completely 
objective techniques; especially as it is also sometimes necessary 
to make local alterations to these programs, as has been done in this 
study.
To ascertain the accuracy of the various methods employed for 
computer reduction of data the IAEA in September 1976, instigated an 
intercomparison between analytical laboratories using computers for 
the analysis of gamma-ray spectra (54).
Nine spectra were provided by the IAEA for evaluation at the 
laboratories taking part. The test spectra were generated from those 
produced by a number of pure radionuclides, which were manipulated and 
added together in various ways. In addition some of the complex 
spectra obtained in this way were superimposed on a synthetic Compton 
continuum. The resulting complex spectra were all finally subjected 
to a random number generation process to simulate the effects of counting 
statistics.
The first IAEA spectrum, No. 100, was a reference spectrum. It 
contained 20 strong isolated single peaks, evenly spread over 2048
channels, which could be used to generate shaping parameters for 
interpolation in measuring other peaks. The SHAPEDO routine of SAMPO 
was used to generate these parameters. A number of fitting intervals 
about the peaks were used for the SHAPEDO determinations but only 
minimum variations were produced in the results of the shape character­
istics. The good statistics of these strong peaks is reflected in 
the subsequent evaluations of their peak position and peak area. The 
highest error generated by the ULRC version of SAMPO for the 20 peak 
positions was ± 0.011 channels. Eight peaks had a positional error 
of ± 0.001 channels or less. The errors generated on the fitted areas 
were 0.5% or less for 18 of the peaks.
The second IAEA spectrum, No. 200, was a test spectrum for peak 
detection which contained an unspecified number of small photopeaks 
close to the limits of detection. The variation of the peak shape 
parameters with energy was the same for this spectrum as for spectrum 
100. Participants were asked to detect the largest number of true 
peaks and the smallest number of spurious peaks. The criterion the 
author used was that a peak was deemed to be detected if its fitted 
area was greater or equal to three times the square root of the back­
ground (see section 2.4) as it had been observed during this study that 
all peaks satisfying this criterion were visually distinguishable as 
peaks above the background. This criterion produced a list of 16 
detectable peaks in the spectrum. In the evaluation report to the 
IAEA it was also stated that if this criterion was lowered to peak area 
£2.5/B, the number of detectable peaks could be increased to 18. The 
spectrum as generated by the IAEA actually contained 22 small peaks and 
all 18 peaks detected using the above criterion were true peaks. If 
the criterion had been lowered to peak area £ four more peaks
would have been included in the list, but all of them would have been 
spurious.
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Each of the next six test spectra, Nos. 300-305, also contained 
22 photopeaks. All six of these test spectra were identical except 
for differences due to counting statistics. The analysis of the six 
spectra gave results which were all in fairly good agreement.
The ninth IAEA spectrum, No. 400, contained 9 double peaks 
which were generated from single peaks with various relative intensities 
and degrees of overlap. All nine doublets could be separated by the 
use of SAMPO, but only two of the multiplets were automatically 
detected as such by the program. The rest then required operator 
instructions telling the program to fit a doublet and giving it an 
initial guess for the position of the peaks, which was determined from 
the deviation between the fit and the data when a single peak had been 
fitted.
The results of the peak positions and their intensities for the 
9 spectra have been sent to the participating laboratories by the IAEA.
At the time of writing the results of the intercomparison, and the IAEA's 
assessment of the individual participants results, have not been 
received although they were scheduled for release on the 31st December 
1976. However the results obtained showed reasonably good agreement 
with those published.
The evaluation of the test spectra highlighed two areas for 
possible improvement in the local gamma-ray spectrum analysis program.
The significance criteria as specified in the-automatic peak search 
routine in SAMPO have been found to be unreliable near the limit of 
detection. Thus for most of the analysis carried out in the present 
work the threshold value of significance of a possible peak has been 
set at a level where a number of spurious peaks have been detected and 
fitted. These have then been subsequently removed by operator inspection. 
The second major point has been the program's inability to automatically
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differentiate between single peaks and doublets where one peak is 
very much smaller than the other, or both peaks are close together.
Even where the peaks have been of approximately the same size, automatic 
recognition of a doublet has not been found to generally occur for peaks 
separated by 3 keV or less. Two minor alterations could be made to 
SAMPO to improve these faults.
Firstly, as in this work, the level of significance for peak 
detection is set so that all possible peaks are detected and also a 
number of spurious ones, a further test of significance should then be made 
on the fitted peak. This could take the form of producing two results 
tables, one in which the area of the fitted peak £ f B^, and the second 
table where the peak areas do not fulfil this criterion, f could be a 
factor specified by the operator when calling up the RESULTS routine.
A second improvement would be a simple test for multiple peaks 
which would be performed after the shape of the peak has been fitted.
A comparison of the FWHM of the fitted peak with the expected value 
at that energy, as determined from the stored shape parameters, would 
detect peaks that are wider than expected. Positions of possible peaks 
in the multiplet could then be determined by the computer in the same 
way as an operator does if a known multiplet is present, i.e., by 
careful scrutiny of the difference between the fitted peak and the data, 
a value generated in the program. Positions of peaks in multiplets 
are characterised by lai;ge changes in the value of this difference, 
often associated with a change in sign. The position at which these 
occur could be determined by the program for peaks that were found to 
be too wide, and the fit of that region of the spectrum could then be 
repeated as a multiple peak fit.
After the initial development of the sampling techniques, the 
experimental method and the computation of results described in this 
chapter were then used on a routine basis to produce the results
reported in chapters 3-6 of this thesis.
CHAPTER 3
A COMPARISON BETWEEN THE ELEMENTAL CONCENTRATIONS OF RING-POROUS AND
DIFFUSE-POROUS TREES
3.1 The Guildford Elm (Ring-Porous)
The first transverse section of tree which was sampled for the 
initital work on dendroanalysis, was cut from an elm tree which had 
been situated in a residential area of Guildford. The Guildford elm 
(GE1) was one of a row of trees, all of which had died and had to be 
felled in the Autumn of 1974, following attacks of 1 Dutch* elm disease 
(see section 6.2). Immediately after the tree was felled a transverse 
section was cut from the trunk, at a height of about 0.5 m above the 
ground. As no localised sources of industrial pollution were present 
in the near vicinity of the tree it was hoped that it would be possible 
to correlate the results from the elemental analysis of samples from 
GE1, with the data from previous air pollution studies (see section 1.1) 
of the Guildford area, in order to be able to deduce the concentrations 
of the naturally occuring elements in the tree. These results could 
then be compared with those from similar samples from areas with higher 
levels of pollution to determine which elements are taken up by trees in 
a polluted environment.
Before the section of GE1 was analysed it was not known what 
effects tDutcht elm disease would have on the results or if samples 
from a diseased tree should be used at all with the above aims in mind. 
However if elms were to be used for this study (see section 1.6) as 
most elm . trees have suffered attacks of 'Dutch' elm disease at least 
once during their lives, any effects arising from the disease must be 
considered as typical for elm trees. The selection of uninfected elms 
would also prove to be extremely difficult because once the tree has
recovered from the disease it is often not possible to determine by 
its external appearance, that it has ever suffered from an attack (55,56). 
The analysis of visually detectable diseased areas in GE1 produced 
distinctive changes in elemental concentrations compared to the results 
obtained for other samples. This work is reported in detail in chapter 
6.
The Guildford elm belonged to the species Ulmus x hollandica 
'Hollandica'. The transverse section that was cut from GE1 (see 
Fig. 1.1) was about 25 mm thick and approximately elliptical in shape, 
with the diameter varying between 400 and 600 mm. The original 
orientation of the longest diameter of this section was observed to 
approximately coincide with the direction of the local prevailing wind 
conditions. The ring pattern of GE1 showed it to be more than 60 
years old as the xylem contained 20 sapwood rings and 41 heartwood 
rings, which surrounded a small central region of partially rotten 
wood and pith.
Variations in elemental concentrations were monitored across GE1 
by three series of radial samples. Each of these consisted of a sample 
from the outer bark, one from the inner bark, one from every sapwood 
ring, one from every heartwood ring and six samples across the central 
area. Two series of samples were also cut from GE1 to determine what 
elemental variations, if any, might exist around a tree ring. One of 
these series consisted of samples taken at intervals of approximately 
15° around a sapwood ring (which was first formed in 1960), and the 
other consisted of samples taken from a ring in the heartwood that had 
been formed in 1939. All these samples were cut from the GE1 section 
using the boring tool described in section 2.1. The results obtained 
from the analysis of these samples are reported in section 3.3.
3.2 The Reading Cedar (Diffuse-Porous)
A transverse section of a diffuse-porous conifer (see section 
1.5) was sampled and analysed to compare with the results of the analysis 
of samples from the ring-porous elm. The conifer, a healthy cedar 
(Cedrus attlantica 'Glauca') that had been blown down by high winds 
in 1975, had been situated in a residential area of Reading. No 
sources of industrial pollution were present in the near vicinity of 
this.tree.
Thesection—cut^from-the-ReadingCedar (RC) was about 25 mm thick.
It was also approximately*circular in shape and about 310 mm in diameter 
with only a difference in length of 15 mm between the longest and 
shortest diameter. The xylem contained 26 growth rings, 15 of which 
were the lighter coloured sapwood rings and 11 the darker coloured 
heartwood rings. Annual variations in elemental concentrations were 
monitored by boring samples from each of the growth rings along one 
radius. Variations in elemental concentrations around the tree rings 
of the diffuse-porous cedar were measured by taking samples at intervals 
of 15 degrees around two rings. One of these rings was a sapwood ring 
originally formed in 1968, the other was a heartwood ring formed in 
1956. The samples from this tree section were also cut using the 
boring tool described in section 2.1.
3.3 Results from the Analysis of the Guildford Elm arid the Reading Cedar
Preliminary results for the analysis of samples from GE1 (8, 57, 58), 
and for samples from RC (58), have already been reported. The most 
striking features of the results obtained for the radial distribution 
of elemental concentrations in these two sections, are the large and 
sudden changes in concentration observed for several elements in 
samples taken across the sapwood/heartwood boundary. Examples of
this can be seen in Figures 3.1 and 3.2 which show the radial distri­
bution of the concentration of potassium across these two sections, and 
in figures 3.3 and 3.4 which are the radial distributions of chlorine 
concentrations across GE1 and RC. The mean values of the concentration 
of 12 elements in the sapwood and the heartwood of GE1 and RC are 
tabulated in table 3.1.
Sapwood/heartwood boundary changes in concentration were detected, 
in various degrees, for most of the elements monitored. In the results 
obtained from the first set of radial samples taken from GE1, average 
concentrations were higher in the heartwood than in the sapwood for 
potassium, calcium and strontium by factors of 1.77, 1.53 and 1.42 
respectively. For the same series of samples average sapwood concen­
trations were higher than those in the heartwood for magnesium, chlorine, 
argon, manganese, bromine and iodine by factors of 1.23, 4.56, 1.60, 1.46, 
>7.30* and 3.1 respectively.
Sodium only shows a small difference in average concentrations 
( 1^%) between the sapwood and heartwood areas of GE1. Oxygen, copper 
and barium were not detected in all of the radial samples analysed, 
and no clear trends relating to higher concentrations in specific areas
of the xylem could be identified for these elements.
28The AZ isotope was detected in greater quantities in heartwood
samples of GE1 than the sapwood samples, but it was not possible to
accurately determine aluminium Concentrations due to the interfering
31 28fast neutron reaction with phosphorus, P (n,a) A£, which makes
* Bromine was present in the heartwood samples in concentrations 
below its detection limit (see table 3.1). This value is the ratio of 
the average sapwood concentration to the detection limit of bromine 
in the heartwood matrix.
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28the intensity of the induced AJL photopeak a function of the 
concentration of both aluminium and phosphorus (see Appendix 1) .
The systematic changes in elemental concentration that were 
observed at the sapwood/heartwood boundary in the first radial series 
of samples cut from GE1, were also present in samples taken along the 
two other radial directions in this section. The results from these 
samples showed that the average elemental contents were similar to those 
from the first series with the exception of the sapwood values for 
sodium, chlorine, bromine and iodine.
The concentration of sodium in the sapwood was found to almost 
double when sampled along a radius of GE1 in the opposite direction to 
the first series of samples. A third radial series of samples, taken 
along a direction at an angle of 90° to the first and second radii, 
gave average sodium sapwood values similar to those measured in the 
first radial series. Similar variations occurred for chlorine and 
bromine, with approximately a three fold increase in the results for 
the second radius compared to those of the first and third. In the 
radial distribution for chlorine along the second radius, this higher 
concentration of chlorine masked (if it was present) the elevated 
chlorine concentration at the sapwood/heartwood boundary that was 
detected in the results shown in Figure 3.3, and which was also present 
(at a similar level) in the third set of radial samples.
The variation of average iodine sapwood concentrations between 
the three series was unlike that of the three elements described above, 
in that its average concentration in the sapwood samples of the second 
radius was lower by about a factor of two than its corresponding 
values in the other two radii. These variations of concentration 
between the three radii might be indicative of angular variations in 
elemental concentration around GE1.
In the results obtained for the samples taken in a radial
direction across the section of RC (see table 3.1 for average values), 
the following elements were found to have higher concentrations in the 
sapwood than the heartwood; magnesium, sulphur, chlorine, potassium, 
calcium and manganese. The concentrations in the sapwood were higher 
than those in the heartwood by factors of >6.50*, 1.62, 3.86 >13.10*, 
8.35 and 9.23 respectively.
Sodium and argon were present in greater average concentrations 
in the heartwood region of RC, than the sapwood by factors of 1.22 and 
4.50. However this is not accompanied by a sharp change in the con­
centration of sodium across the sapwood/heartwood boundary of RC, 
unlike most of the other elements monitored in this section, instead 
the sodium radial distribution reaches a broadpeak in concentration 
at the boundary (Fig. 3.5). This is unlike the radial distribution 
observed for any other element in this study, and there is no biological 
reason that the author knows that could be responsible for this parti­
cular type of elemental distribution.
Oxygen, copper, bromine, strontium, iodine and barium were either
not detected or only detected in a small number of samples from RC.
28Higher concentrations of the AI isotope were produced in the sapwood
samples of this section.
As suggested by the three radial series of samples taken across 
GE1, some apparently systematic variations of elemental concentrations 
were observed in the graphical plots of concentration around individual 
growth rings. In GE1 the most obvious of these directional variations
* These ratios are calculated using the value of the detection 
limit of thise elements in the heartwood as its average concentration 
was!below this value.
occurred for sodium, chlorine, bromine and iodine (Figs. 3.6 - 3.9). 
Sodium, chlorine and bromine (Figs. 3.6-3.8) exhibit elevated levels 
of concentration in the sapwood in the direction approximately cor­
responding to that of the local prevailing wind conditions, and to a 
lesser extent in a northerly direction. Iodine (Fig. 3.9) however, 
shows a distinct drop in concentration on the side of the tree facing 
the prevailing wind, and elevated levels in samples taken from the 
sheltered side of the tree.
The other elements present in measurable quantities in GE1 showed 
only small fluctuations in their angular sapwood concentrations with 
no obvious directional effects, e.g., the angular distribution of 
calcium around GE1 (Fig. 3.19).
The strong directional variations that were observed for sodium, 
chlorine, bromine and iodine, in the analysis of the 1960 GE1 sapwood 
ring are not present in the 1939 heartwood ring (see Figs. 3.6 - 3.9). 
Fluctuations of elemental content between adjacent samples in this 
ring were also observed to be smaller for all elements, with the exception 
of argon. The distribution of argon around the GE1 1939 heartwood 
ring (Fig. 3.11) shows a peak in concentration at a point 15° E of S 
and a minimum in concentration in the direction 90° E of N. Variations 
in the heartwood angular distribution of argon around RC were also 
observed, see below.
The results of the angular variations around the sapwood growth 
ring sampled from RC show a certain amount of fluctuation from one 
sample to the next but only the chlorine distribution (Fig. 3.12) shows 
possible systematic variations. The heartwood angular distributions 
observed in the RC sample generally show smaller fluctuation between 
adjacent samples for most of the elements. However, the heartwood 
angular distributions for sodium, chlorine and aigon (Figs. 3.13, 3.12 
and 3.14) appear to show directional effects.
3.4 Comparison and Interpretation of Results
Due to the lack of reported work in the literature on the detailed 
distribution of elemental concentrations within any type of tree, the 
interpretation by the author of the results obtained from these two 
sections of tree, must be considered to be purely speculative. How­
ever, such speculation may lead to hypotheses which can be tested by 
future work in this field.
In both the diffuse-porous and the ring-porous tree marked 
differences in the concentration of many elements occurred between 
the sapwood and heartwood areas of the xylem. Stewart (33) postulates 
that heartwood rformation is due to the translocation of toxic and waste 
substances across the xylem by the ray cells (see section 1.5). The 
build-up of toxic materials in these cells eventually causes them to 
die and this is the point at which heartwood formation occurs. This 
might be the mechanism responsible for the results reported in section 
3.3, where elements are present in greater quantities in the heartwood 
than the sapwood. However several elements are present in their 
greatest concentrations in the sapwood, which might suggest that there 
is a mechanism within the tree for retaining essential trace elements in 
this region, where they would be accessible for further use in the living 
part of the tree.
Therefore as heartwood is formed and the sapwood/heartwood 
boundary moves away from the centre of the tree, varying quantities of 
the elements that have different concentrations on either side of the 
boundary, will have to move across the sapwood/heartwood boundary if 
they are to maintain their relative levels of concentrationi In the 
results reported for the sections from GE1 and RC (see section 3.3) and 
for several other trees (see chapters 4-6), this type of concentration 
difference between the sapwood and heartwood regions was always
observed, whatever • the position of the boundary. Hence there must be 
a certain degree of cross-ring mobility in the sapwood/heartwood 
boundary region for all elements exhibiting concentration differences 
across it. If this degree of mobility is also possessed by all non- 
essential elements taken up from the treefs environment, then tree 
rings in the heartwood region of the xylem are unlikely to be of use 
as environmental monitors, and thus at best, the usefulness of 
dendroanalysis will be limited to the sapwood region, which typically 
consists of no more than 25 rings.
For both GE1 and RC most of the radial distributions of the 
elemental concentrations show that much higher levels of the various 
elements are present in the bark than in any other part of the sections. 
Many of the radial distributions for GE1 also show that the concentration 
of a particular element is higher in the first one or two rings of the 
sapwood than throughout the rest of the sapwood, e.g. Figs. 3.1 and 3.3. 
The exceptions are the distributions for sodium and iodine. High 
levels of elemental concentrations could be expected in the outer rings 
of the xylem as it is through these rings that the water and solutes 
of the transpiration stream pass up the tree. Some of the elements 
that were measured have their highest values in the outermost ring 
while others have theirs in the second ring. From the tabulation of 
the ratio of second ring concentrations to first ring concentrations 
(Thble 3.2), elements which are generally considered to have the 
greatest biological mobility (59-61) such as the halogens, can be seen 
to have higher concentrations in the second ring, while those elements, 
such as magnesium, calcium and strontium that are considered to be less 
biologically mobile, have their highest levels in the first ring.
Similar results are also obtained for the first and second ring 
concentrations in RC although the differences between the two rings are 
much smaller and the outer one or two rings do not generally possess
the highest concentrations found in the sapwood, except in the cases 
of potassium, chlorine and manganese.
No obvious directional variations are apparent in the angular 
distributions of the 1968 sapwood ring sampled in the section from RC 
(with the possible exception of chlorine) in contrast to the marked 
directional variations in concentration observed in the sapwood ring 
sampled in GE1. The difference between these two types of tree in 
the amount of the angular variations of element concentrations was 
predictable due to the differences in structure between ring-porous 
and diffuse-porous trees (section 1.5). However apparently systematic 
variations for sodium, chlorine and argon (figs. 3.13, 3.12 and 3.14) 
were present in the angular distributions around the 1956 heartwood 
ring that was analysed in RC. On closer investigation it was noted 
that the samples that gave rise to the elevated levels of sodium and 
chlorine in this ring, had a thin dark line running through them. It 
was later ascertained that in 1956 the tree had been transplanted from 
a nursery to the site it had occupied in the Reading area. Thus the 
dark line through some of the samples could be scar tissue resulting 
from slight damage that occurred during transplanting.
The round the ring variation of argon concentrations in samples 
cut from the RC 1956 heartwood ring (Fig. 3.14) is unlike that observed 
for either sodium or chlorine (Figs. 3.13 and 3.12), and appears to 
follow a sinusoidal pattern. A similar sort of pattern can be seen in 
the variation of sample density around the same ring (Fig. 3.15) but 
the maxima and minima are displaced by 90° compared to those in Fig. 
3.14. When the argon concentrations of the samples from the 1956 
ring are plotted as a function of sample density (determined by weighing 
and measuring the cylindrical samples), it can be seen that argon 
concentration varies approximately with density, and that is is greatest
for the least dense samples and vice versa (Fig. 3.16).
The radial distribution of argon across RC (Fig. 3.17) shows
that the average argon content of the heartwood samples along this
radius is about 3.5 times greater than that of the sapwood samples.
As argon is an inert gas it can only be present in these samples from RC,
in the air trapped in the cells of the wood, and the detection of the
41characteristic 1293.6 keV gamma rays of A from the irradiated 
samples thus provides a means of measuring the trapped air in wood.
The axiaT tracheid cells of softwood (e.g. Cedar) are known to 
vary in length between the extremes of 1 mm and 11 mm (31), thus in 
the 15 mm long samples used in this study several of the cells will 
have one end open to the air, so that much of the radioactive argon 
formed in the wood cells during irradiation is able to escape to the 
atmosphere before counting starts. If wood cells were partially 
filled with some substance that would trap air bubbles inside the cut 
cells, it could be expected that much greater quantities of radioactive 
argon would be retained in the sample. Cells in the heartwood region 
of trees are known to contain quantities of tylose, gums and resins, 
which are substances that might produce this effect. The radial 
argon distribution across RC (Fig. 3.17) shows that higher argon 
levels, and thus larger quantities of trapped air are present in the 
heartwood samples.
The information contained in Figs.3.14 and 3.15, and summarised 
in Fig. 3.16, shows that argon content decreases as the heartwood 
sample density increases. A larger density value for one heartwood 
sample compared to another, might be due to a greater accumulation of 
tylose, gums and resins in the cells of that sample. Thus the argon 
results for RC appear to indicate that the presence of botanical waste 
substances in wood cells increases the argon signal, and also that as 
the quantities of tylose, gums and resins increase the argon signal
decreases. One possible explanation of these results is that a small 
amount of the heartwood waste substances is sufficient to trap air 
bubbles in each cell, but as the amount of the deposits in the cell 
increase they displace the trapped air.
The variation of density in the RC heartwood samples, if due to
i
the accumulation of tylose, gums and resins, would mean that there is 
an angular variation in the quantities of these substances that are 
deposited in the heartwood. There does not appear to be any reference 
in the available literature explaining, or even expecting, preferential 
directions for heartwood deposits.
The irregular directional variations of argon, present in the 
angular distribution obtained from GE1 (see Fig. 3.11) can not be as 
easily interpreted on a cellular basis, because the structure of hard­
woods, such as elm, consists of a variety of axial elements which would 
make the interpretation of the argon signal much more complicated than 
in softwood tissue (which consists . almost entirely of the one type 
of cell, axial tracheids).
The interpretation of the variations in the elemental concentra­
tions that have been observed, might be aided (especially in the case of 
GE1) by a comparison with the known air pollution data. The^elements 
most sensitively detected in thie deposits on the filter papers collected 
by Hasan and Spyrou (9) during their NAA survey of air-borne particulates 
in the Guildford atmosphere, were sodium, aluminium, chlorine, 
vanadium, manganese, bromine and indium. The mean air concentrations 
measured for these elements, averaged over all samples collected in 
one month (20/12/71 - 20/1/72), are compared with the concentrations 
of these elements in GE1 and RC in Table 3.1. Vanadium and indium were 
not observed in either tree, implying that the upper limits to their
concentration are below their ^e^pective detection limits, which are
-2 -3 ''1.7 x 10 yg/g and 2.5 x 10 yg/g for a 50 mg sample. A comparison
between the levels of aluminium in the atmosphere and aluminium in the 
trees could not be meaningfully made due to the interfering reaction 'of 
phosphorus which is present in biological materials (see Appendix 1). 
Sodium, chlorine, manganese and bromine are however present in measurable 
concentrations in both trees and in the filter paper deposits.
Four of the elements measured in the round the ring sapwood 
samples in GE1 show distinct angular variations; of these sodium, 
chlorine and bromine show increases in concentration on the side of 
GE1 facing the prevailing wind. It thus seems conceivable that a 
proportion of the concentration of these three elements in the tree 
originates from air-borne material. The values for managanese around 
GE1 show no obvious angular variation, although it is an element that 
is found in the Guildford atmosphere (9). The fourth element with a 
distinct angular variation around GE1, but in this case showing a 
minimum value on the side of the tree facing the prevailing wind, 
is iodine. Iodine is described by Hassan and'Spyrou (9) as "non­
significant" in the results obtained from the analysis of the majority 
of their air filter samples. The radial variation of iodine concentra­
tions in GE1 (Fig. 3.18) contains distinct variations in concentration 
between some of the annual rings, a phenomenon which extends across 
the sapwood heartwood boundary. The concentration of iodine in the 
growth rings corresponding to the period encompassed by the Hassan and 
Spyrou (9) survey (1967-1971), falls from a maximum to a minimum value 
(and unfortunately the local authority filters used in their worl^  had 
not been retained prior to 1967).
No direct evidence is present to attribute the origin of the 
elements detected in the Guildford atmosphere to any specific source, 
although it is suggested that aluminium, vanadium and bromine might 
be introduced into the atmosphere from car exhausts and the burning of
fossil fuel3 (9). It is also possible that air-borne sodium and 
chlorine might be partly attributed to the presence of maritime salt 
(62) in the atmosphere. If in Figs. 3.6 and 3.7, the areas under the 
peaks in concentration in the direction of the prevailing wind, could 
be considered as excesses of sodium and chlorine above typical long 
term levels (which might be denoted as the minimum values on either 
side of the peaks) then the ratio of the mass of sodium to the mass of 
chlorine, a§ indicated by the peak areas is equal to 0.72. The ratio 
by weight of sodium and chlorine in salt is 0.65 which might indicate that 
some of the sodium and chlorine in GE1 was maritime in origin and 
hence must have been absorbed into the tree from the atmosphere.
Due to the lack of angular variations in the concentrations of 
the elements detected in RC, because of its diffuse-porous structure, 
there is no evidence to show what proportion if any of the elemental 
concentrations in the section is due to air-borne sources.
3.5 Results from Samples taken with an Increment Borer
The results presented so far in this chapter have shown interesting 
and apparently systematic variations in elemental concentrations within 
transverse sections of two types of tree. The values of the result's 
reported have been concentrations expressed in yg/g of dry weight 
because all samples have been dried prior to their analysis, in order 
to stabilise the weights. If the water contents of each of the 
different areas of the xylem in the living tree were not equal, then 
the relative elemental concentrations prior to the drying of wood 
sections could be different to those measured afterwards. Thus by 
removing the water content spurious differences in elemental concentra­
tions between anatomically different areas of the xylem could be produced. 
If this was the way in which the several differences in elemental 
concentration between sapwood and heartwood that have been observed in
this study came about, the size of the difference in concentration at 
the sapwood/heartwood boundary could be expected to be the same for all 
elements unless the drying out process is also accompanied by the 
selective movement across the xylem of some of the elements present in 
the section. To investigate these possible causes for the results 
reported in section 3.3, the following analyses were carried out to 
determine the elemental concentrations in a living tree.
This work required a means of quickly sampling standing trees 
which would keep moisture losses to a minimum. The most suitable 
instrument for this purpose was the 'Pressler' borer who's use for 
this type of work was described in detail in section 2.2. The results 
from the analysis of two cores cut with the borer are reported below.
The first core was taken from an elm tree situated by the 
perimeter fence of the University in Guildford, about 1 km from the 
GE1 site. Due to the effects of 'Dutch' elm disease very few live 
elms are left standing in the Guildford area. The tree sampled bore 
twigs from the previous growing season and was thus not completely 
dead, although on later examination of the samples virtually none of 
the xylem was visibly distinguishable as sapwood due to the effects 
of 'Dutch' elm disease and possible secondary infections (see section
4.1)i A number of rings were obviously diseased and an area of the 
core looked similar in appearance to bark type material. The elements 
which have been observed to give elevated levels of concentration in 
the outer or inner bark, sodium, magnesium, (aluminium), chlorine, 
potassium, calcium, vanadium, manganese, copper, bromine, strontium 
and barium, were found to be the same-elements that produced elevated 
levels around this area although the magnitude of their values were 
not always the same as those previously measured in bark. It is 
possible that this material might have been generated by the tree due 
to some injury inflicted on it (i.e., scar tissue on the outside of
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the tree) and subsequently the area was gradually engulfed as the tree 
grew.
All the observations mentioned above meant that the interpretation 
of results from this core was extremely difficult. ' However the results 
for all isotopes monitored showed very similar graphical variations 
whether related to fwetf weight or dry weight, e.g. Figs. 3.19 and 3.20.
A second core was obtained from an apparently healthy oak tree 
also situated on the perimeter of the University grounds in Guildford.
The 30 cm core contained a sample of bark, approximately 21 sapwood 
rings, a further 51 heartwood rings to the centre of the tree and 36 
heartwood rings from part of the opposite radius. Very definite 
differences in concentration exist in the results obtained from this 
sample, both between the bark, the first couple of sapwood rings and 
the rest of the sapwood, as well as between the sapwood and the heartwood. 
The differences in concentration exist in the results for both *wetf 
and flry'weights, although the ratio of concentrations between the 
structurally different areas of the xylem are slightly different 
depending on which weights are used.
Higher concentrations existed in the sapwood of the oak core than
in the heartwood for the elements sodium, (Fig. 3.21) magnesium (Fig.
3.22), sulphur, chlorine, (Fig. 3.23) potassium (Fig. 3.24) calcium,
vanadium and manganese. The average concentrations of these were
greater in the sapwood than in the heartwood by factors of 2.32,
>8.75* 1.98, 4.79, 3.74, 1.47, 1.79 and 3.69 for the !wet! weight 
..and by.factors, of.2.60,. >9.75*,. 2.37,. 5.37,. 4.19,. 1.68, 2.04. ...
* Magnesium if present in the heartwood samples was in concentrations 
below its detection limit, and the ratios are calculated on the value 
of the detection limit for magnesium in this matrix.
and 4.22 for the 'dry* weight computations. Concentrations were
found to be higher in the heartwood than the sapwood for argon,
cadmium, antimony, iodine and barium. These elements were
present in the heartwood with concentrations greater than
*f* *f*those in the sapwood by factors of 1.19, >5.21 , >2.16 ,
+
>2.42 and 2.09 for the 'wet1 weight computations and by factors 
of 1.04 >5.50^,>2.23^, >2.20^ and 1.83 for the 1 dry* weight compu­
tations. Copper had a greater concentration in the heartwood on a 
'wet* weight basis (VL5% greater than the sapwood value), but was 
present in greater amounts in the sapwood on a dry weight basis (*\4%
greater than the heartwood value). Oxygen, bromine, strontium and
• - 28 
indium were detected in only some of the oak samples, and Ail was
produced in greater quantities in the sapwood samples.
Thus from these results it can be s±ated that variations in 
concentration between different parts of the xylem are also found in 
living trees, and that the moisture content of the sapwood and heartwood 
of the oak core was found to be only slightly different (Fig. 3.25). 
Further, the removal of moisture resulted in an enhancement of the 
average sapwood to heartwood concentrations of 13% ± 1, a figure much 
too small to explain the large differences in concentrations observed 
in the results of the analysis of the transverse dried sections 
(section 3.3). The average sapwood and heartwood elemental concentra­
tions detected in the dried oak core samples are compared with the 
values obtained from GE1 and RC in Table 3.1.
The radial variations of some of the elements measured in the 
oak core are qualitatively similar to some of the results obtained for 
GE1 (e.g. the radial distributions of chlorine, Figs. 3.3 and 3.23) 
and RC (e.g. the radial distributions of magnesium, Figs. 3.26 and 3.22).
t Thsse.elements if present in the sapwood was in concentrations below 
its detection limit and the ratiofs are calculated on the value of the
detection limit of the element in this matrix.
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The variation in concentration of many elements along the core, such 
as potassium CFig* 3.24) and chlorine (Fig* 3.23) show smaller 
fluctuations between samples from the heartwood region than for samples 
from the sapwood, a phenomenon noted in many of the distributions 
obtained for GE1 and RC (see section 3.3).
The results from the analysis of the oak core demonstrated two 
things, not only that the sizeable concentration differences previously 
observed (see section 3.3) could not have been produced purely from 
the drying out of the transverse sections, but also as the type of 
variations in concentrations present in the sections of GE1 and RC 
are similar to those in the living oak tree it is unlikely that they 
were caused by any large scale movement of the elements in the sections 
during storage. A subsidiary experiment in which a core is analysed 
and the results from this are then compared with those from a 
transverse section of the same tree that was allowed to dry out during 
storage, would enable an upper limit to be placed on the degree of 
mobility of each element that could occur during this slow drying 
process.
From Table 3.1 it can be seen that there are a number of marked 
differences in the average elemental concentrations between the three 
species of tree that have been analysed. Barium was measureable in all 
the oak core samples whereas previously it had only been detected in a 
few samples from GE1 and RC. Vanadium, cadmium, indium and antimony 
had not been detected in any of the samples cut from the GE1 and RC 
sections, but measureable concentrations of these elements were present 
in several oak core samples. The concentration of vanadium was measured 
in all samples from the oak core, while indium was detectable in approxi­
mately 44% of them; in the elm core vanadium was present in detectable 
quantities in 74% of the samples and indium in 17%, while cadmium and 
antimony were completely undetected. The possible contamination resulting
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from the use of an increment borer is discussed in section 2.2 from which 
it seems likely that contamination effects would be greater with the 
use of an increment borer than with the specially designed borer 
described in section 2.1. As vanadium and indium (which are elements 
associated with steel tools) have only been detected in samples taken 
with an increment borer, it is possible that this type of tool is the 
source of at least some of the detected concentrations of these 
elements, and this point merits attention in future studies of this 
type. In the results from the oak core higher levels of vanadium 
were present in the sapwood and sapwood/heartwood boundary areas, 
than in the heartwood. This might possibly be associated with-a 
slightly corrosive effect of the sap on the boring tool in these 
areas of the tree.
Since neither cadmium or antimony were detected in.the elm 
core it seems unlikely that they are contaminants in the oak samples 
arising from the use of the boring tool. The determination of the 
concentration of cadmium was possible in 81% of the heartwood 
samples cut from the oak core, although its concentration in 
all the sapwood samples was found to b.ek, below the 
detection limit of 3.2 yg/g for a 50 mg sample. The presence of 
antimony was measured in 28% of the oak core heartwood samples, but 
in none of the sapwood samples where its detection limit is 6.2 yg/g.
A quoted average value of cadmium concentrations in land plants is 
0.6 p.p.m. (30); the range of concentrations of cadmium detected in 
the oak samples was <3.2<yg/g - 97.1 yg/g. A quoted average concen­
tration of antimony in land plants is 0.06 p.p.m. (30); the range of 
concentrations of antimony detected in the oak samples was <6.2 yg/g - 
39.8 yg/g.
Cadmium and antimony are both cited as pollutants (30), cadmium 
a freshwater pollutant and antimony as a component of industrial smoke
that may cause lung disease. Both, elements appear to be present in 
the heartwood samples of the oak core in relatively high concentrations 
compared to quoted average plant values, and yet both are below their 
detection limits in the sapwood. If these high levels are due to some 
form of pollution (although there is no obvious source near the sampled 
tree) either very large amounts of pollution were being generated in 
the periods concerned and retained in the growth rings formed during 
that period, or the quantities measured are an accumulative effect due to 
the tree 'dumping' toxic materials in the heartwood. The latter 
cause would seem to be the most likely for two reasons. Firstly if the 
quantities of cadmium and antimony detected in the samples showing the 
highest levels of these elements had been present in the live sapwood
1*rings, the toxic affect might well have produced some physical damage , 
the most likely effect being a drop in the rate of growth which would 
have been reflected in the width of the subsequent growth rings. This 
was not observed in the relevant sanples. Secondly, as can be seen from 
the distribution of cadmium (Fig. 3.27), it is present in all heartwood 
samples along the one complete radius sampled, except for the two 
samples nearest the sapwood/heartwood boundary, where it appears that 
the level of cadmium tails off as the heartwood rings approach the 
living sapwood.
It is also of interest to note that in the radial distributions 
of cadmium and antimony (Figs. 3.27 and 3.28) the. concentration of 
these two elements both reach their highest levels in rings formed during
t Bowen (30) states that cadmium and antimony are elements that are 
moderately toxic to all organisms. The definition of 'moderately toxic* 
that Bowen uses is that toxic effects will appear when the concentration 
of the element being studied is between 1 and 100 p.p.m. in the nutrient 
solution.
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the same years, in particular those formed in about 1921/22 and 1931/32.
This would suggest that the relative rates of assimilation of cadmium
\
and antimony into the heartwood are similar, even though these two 
elements are chemically dissimilar.
The high levels of cadmium and antimony in particular heartwood 
rings of the oak core could be.indicative of two things. Firstly if 
these elements are finding their way into the tree due to their presence 
in the environment as pollutants, the high levels might reflect higher 
pollution levels. As it seems likely that most of the quantities of 
these two elements that find their way in to the tree are being 
transported directly into the heartwood ring being formed at the time, 
and assuming one heartwood ring is formed every year, there would be 
a time difference between such high concentration and the external 
effect producing them,which is equivalent to the number of sapwood 
rings. However it is not known whether heartwood rings are formed 
annually. From Stewart's theory of heartwood formation (33), the 
innermost sapwood ring in a tree accumulates waste material from the 
rest of the sapwood until it dies and becomes heartwood. The next 
sapwood ring is then used as a dump for toxic waste. Thus 
the high levels of cadmium and antimony in certain oak core rings might 
reflect higher-levels of tolerance to waste and toxic materials before 
that particular ring dies, or secondly, if the tolerance levels of each 
growth ring: are similar, the high levels of these two elements might indicate 
a low level of other waste substances at the time these rings became 
heartwood. Hence if heartwood formation is entirley due to an accumulation 
of toxic and waste materials in a growth ring, and the tolerance of each 
growth ring and/or the amount of waste material.varies, heartwood 
formation cannot be considered as necessarily an annual occurrence.
A possible method of monitoring heartwood formations in a growing tree 
is discussed in section 8.1.
Thus from this analysis of the oak core sample it seems probable 
that the concentration of pollutants in tree rings, that are also toxic 
to the tree, cannot be directly related to the degree of pollution at 
the time of formation of particular rings. This coupled with the sapwood/ 
heartwood boundary differences in concentration that have been observed 
for several elemental distributions measured in the three trees 
studied in this chapter, and which appears to reflect a degree of cross 
boundary mobility, would imply that there are limitations in the direct 
interpretation of dendroanalysis results in terms of environmental 
parameters.
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CHAPTER 4
THE THREE DIMENSIONAL DISTRIBUTION OF VARIOUS ELEMENTS IN AN ELM TREE
4.1 Description of Sample
Wright and Will (21) and Orman and Will (22) not only demonstrated 
that differences in concentrations existed for a number of elements 
between different areas in a transverse section of xylem, but they also 
measured the variation of these elements along the length of the 
trunk of the trees they studied. The results presented in section 3.3 
verified, in much greater detail, the existence of significant 
differences in elemental concentrations between different areas in a 
transverse section of tree,similar to those recorded by these earlier 
workers. The observations reported in this chapter resulted from work 
that was carried out to obtain detailed information about the vertical 
variations in the radial and angular elemental distributions present 
in a tree.
The tree that was used for this study was an elm, which had been 
situated in the University grounds in Guildford (GE2). Immediately 
after GE2 was felled in the summer of 1976, six transverse sections 
were cut from the trunk at intervals of one metre. The lowest section, 
was cut from the trunk at a distance of 150 mm above the ground and 
contained 43 growth rings. The highest section was cut from the trunk 
at a distance of about 5 m above the ground and contained 18 growth 
rings.
This tree, like most elms, showed indications of having been 
infected by 'Dutch1 elm disease several times during its life. This 
had been most severe in the few years prior to felling, and it was 
noted that, probably as a result, the most recently formed rings were 
often very narrow, or in some sections partially missing.
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In many trees which suffer attacks of fDutchr elm disease, a 
secondary infection, known as "wet wood" (63-65), can be found. Trees 
which have suffered with this disease contain an area which stretches 
from the diseased parts of the rings to the centre of the tree, in 
which there is an elevated moisture content. On contact with the air 
this region emits a pungent, fishy odour. The wet wood infected areas 
in elms are stained which make it difficult to distinguish between 
the colour of infected sapwood and the normal darker heartwood. The 
characteristic odour of this secondary disease was detected in some 
of the six sections from GE2. Irregular.heartwood patterns were
also observed in all sections of GE2, two of .which are shown in fig. 4.1. 
Isolated dark heartwood coloured areas can be seen in the sapwood of 
the first of these sections and in the second section there are 
irregular dark coloured wood extensions beyond what appears to be the 
normal heartwood region. It is not possible to tell by observation 
if these dark areas are genuine heartwood or stained sapwood resulting 
from a secondary infection.
Wet wood had not infected the original Guildford elm but was 
detected by its odour in the elm core sample (section 3.5) ?nd also 
in some sections of elm obtained from the City of Stoke-on-Trerjf7 
which were to be analysed to see if possible pollution effects could 
be detected in tree rings (section 5.2).
Although it was not obvious what additional effects wet wood 
would have on the elemental analysis of these sections, the analysis 
was continued for reason similar to those given for using sections 
from elms that had suffered from attacks of 1 Dutch1 elm disease (see 
section 3.1). One of the most important of these was that some of the 
elm sections that had been obtained from a polluted environment had 
also suffered from this infection and the interpretation of the results 
from these would be aided if the effects of the disease on the analysis
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were known and could be allowed for. Such information could also be of 
fundamental importance in plant pathology studies.
As mentioned above all six sections contained varying irregular 
shaped areas of heartwood. The bottom section, in which the character­
istic odour of wet wood had been detected, showed no visible sapwood 
region along the radius sampled, see Fig. 4.1. Sections two, three 
and four each contained approximately 10 sapwood growth rings and 
sections five and six (the highest section) contained five and two 
sapwood rings respectively. A series of radial samples were cut from 
each section, using the method described in section 2.1, along a radius 
60° E of N; the local prevailing wind direction was approximately from 
the south-west so any directional variations present in the sections 
that might be associated with wind effects (see section 3.4), would be 
minimised along the radius sampled. The selection of suitable growth 
rings for the determination of angular variations around a sapwood ring 
proved to be difficult due to the very irregular shape of'the heartwood 
areas. Sapwood and heartwood round the ring variations were measured by 
sampling at intervals of fifteen degrees around the growth rings formed 
in 1970 and 1964.
The interpretation of the various results obtained in this three 
dimensional study are easier to understand if the variations in concen­
tration are only considered along two dimensions at any one time.
4.2 The Vertical and Radial Variations of Elemental Concentrations
The concentrations of sodium, magnesium, chlorine, argon, 
potassium, calcium, manganese, bromine, strontium and iodine were 
measured in most of the samples cut for the ring by ring radial series 
from each of the sections of GE2. Oxygen, sulphur, copper and rubidium 
were also detected but in only some of the samples analysed.
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The radial results obtained for chlorine in each section (Fig
4.2), are similar to those obtained for the chlorine radial distributions 
observed in GE1 and RC (see section 3.3), as well as in the oak core 
(see section 3.5). In each of these previous distributions the concen­
tration of chlorine has shown a sharp drop from its level in the growth 
rings of the sapwood, to much smaller values in the heartwood rings.
In each case the marked change of concentration appears to be 
characteristic of the sapwood/heartwood boundary. In the radial 
distributions of chlorine measured in the six sections of GE2 the 
rapid drop in chlorine concentration occurs after the tenth (most 
recent) growth ring in the bottom four sections, after the fifth 
ring in the section second from the top, and after the second ring in 
the top section. The amount of visible sapwood, in each section along 
the radius sampled, is described in section 4.1. From this and the 
results above it can be seen that the marked colour difference which is 
normally used to identify the sapwood/heartwood boundary in elm, 
coincides with a distinct change in chlorine concentration for sections 
2-6. In the bottom section no heartwood region was visible along the 
radius sampled but the chlorine results suggest that the sapwood/ 
heartwood boundary exists after the tenth most recent growth ring, and 
that therefore sapwood is present but is not distinguishable from the 
heartwood due to the staining affects of wet wood. The chlorine radial 
distributions also appear to confirm that the fifth and sixth sections 
have genuine smaller sapwood regions than the second, third and fourth 
sections, i.e., the heartwood coloured region has not been falsely 
extended by the affects of the secondary infection.
The results reported for the potassium radial distribution in 
GE1 (see section 3.3), showed that this consisted of high levels of 
potassium in the outermost two or three rings of the sapwood followed 
by lower concentrations in tie rest of the sapwood rings. This was
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then followed by an increase in concentration across the sapwood/ 
heartwood boundary to relatively high levels in the heartwood. A 
similar pattern to this is present in the radial distribution of 
potassium across the four bottom sections (Fig. 4.3). In the radial 
distribution for the bottom section there is a step-like increase 
in the potassium concentration following the tenth growth ring from 
the bark. This, as outlined above, has been observed to be character­
istic of the position of the sapwood/heartwood boundary, so this 
distribution supports the evidence from the chlorine results that this 
is the actual position of the sapwood/heartwood boundary in this section. 
From these results for chlorine and potassium it can be stated that 
the marked changes in concentration of certain elements across the 
xylem of a tree are unaffected by the wet wood infection.
The potassium radial distributions for the top two sections do 
not appear to follow the typical potassium radial distributions 
observed in the bottom four sections, in that they have higher average 
potassium sapwood levels than the heartwood. However due to the small 
amount of sapwood present in these sections the author would suggest 
that there is an insufficient number of sapwood rings to accommodate 
the normal sapwood distribution and that the high levels in the outer 
rings are immediately followed by the fairly constant levels across 
the heartwood, in which the average concentration of potassium is 
fairly similar for all the sections compared to the large range of 
values for the six sapwood regions, (see table 4.1).
Similar types of results to those above that were obtained for
(see Fig. 4.4)
potassium were also observed for sodium / ^ alcium and strontium, 
although in the previous results for GE1 the sodium and potassium 
radial distributions showed quite different patterns of behaviour (see 
Figs. 4.5 and 3.1).
The bromine radial distributions in the six sections behaved in
a similar way to the type of distribution described for chlorine, and 
so to a certain extent did the argon radial distributions, although 
the differences between the argon content of the sapwood and the 
heartwood was more marked in the sections from the bottom of the tree.
The radial distribution of magnesium and manganese did not show 
any well-defined differences in concentration between the sapwood and 
the heartwood, with the possible exception of the results for magnesium 
in the fourth section. Also the elevated levels of manganese are 
very prominent in the results from the first few rings of the sapwood, 
so that in the sections where the sapwood region is only a few rings 
wide there is the appearance of an elevated manganese level in the 
sapwood region. Samples cut from the sapwood/heartwood boundary areas 
of the six sections show, to varying extents, elevated levels of 
magnesium (Fig. 4.6), an effect which appears to be more prominent 
in the sections taken from higher up the tree.
The iodine distribution in the six sections (Fig.4.7) is 
unlike any of the distributions observed for the other elements 
monitored in GE2. High levels of iodine were measured in the outer 
bark of the sections, while its concentration in the inner bark was 
below the detection limit. Low levels of iodine were measured in the 
outer 4 or 5 rings in each section, which then rose to a peak value in 
ring 6 ± 1 depending on the section. The iodine concentrations in 
subsequent samples from near the centre of the tree then rapidly dropped 
down to low levels or values below their detection limit. From the 
results for iodine (see Fig. 4.7) the pattern of the distribution 
appears to be independant of the sapwood and heartwood regions, and 
also the concentration of iodine in each section noticeably decreases 
as the height of the section above the ground increases (see table 4.1). 
The highest value of iodine in the xylem of GE2 is the peak concentration 
of 5.3 yg/g in section 2, which is marginally higher than the peak
value in the bottom section. The peak concentration then decreases 
in each section until in the top section it has a value of 1.8 yg/g. 
Similarly the iodine concentrations in other growth rings also diminishes 
with height.
V
In order to express some measure of the vertical variation in 
concentration of the other nine elements measured in most of the 
samples from GE2, mean concentrations over the sapwood and the heartwood 
regions were derived for each section (see table 4.1). Due to the 
limited and variable number of sapwood rings, coupled with the strong 
variations in concentrations that are observed in the first few rings 
of this region (see section 3.3.), the sapwood averages may be less 
meaningful than those calculated for the heartwood.
The vertical variations in the values of the average heartwood 
concentrations are displayed in Table 4.1, and these fall into several 
classes. For some elements, such as calcium, manganese and strontium, 
the variations between sections are small. The only other substantial 
variation with height, apart from that of iodine, is for the heartwood 
levels of argon, which increase with height. As stated in section 
3.4 the argon measured in wood samples is a measure of the trapped air 
in the cells of the wood. From the results presented in section 3.4 
for the argon content around a heartwood ring of RC, there appeared to 
be an inverse correlation between the argon level and the density of a 
sample. If a similar relationship exists for elm samples, the increasing 
average argon level set out in table 4.1, would mean that the density 
of the heartwood in GE2 decreases with height. Density measurements on 
heartwood samples from the six sections showed their average density 
(in g/cc) to be 0.66, 0.69, 0.68, 0.61, 0.56 and 0.61 from the bottom 
to the top section. Thus there is a general decrease in density with 
height in GE2 in passing from the bottom half of the tree to the top, 
but there is not suclf a linear change as might have been infered from
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the argon results.
No obvious trends are present for the other elements in Table
4.1, although it can be noted that the three largest values of magnesium 
in heartwood are in the top three sections of the tree, and that the 
magnesium heartwood concentrations then diminish with height. Also 
sodium heartwood levels are highest in sections 1 and 6, and lowest in 
section 2, while chlorine heartwood levels are lowest in sections 1 and 
6, and highest in section 2.
4.3 Vertical and Angular Variations of Elemental Concentration
The elemental angular distributions obtained from the analysis 
of the sapwood ring samples from the GE2 section (section 4.1), 
produced very marked angular variations for all the ten elements listed 
in Table 4.1, although the results from GE1 had only shown angular 
variations for sodium, chlorine, bromine and iodine.
Due to the irregular nature of the heartwood coloured areas 
(Fig. 4.1), it was not possible to take samples from rings which were 
entirely sapwood coloured. Also before analysis, it was not possible 
to tell if the dark coloured areas of the 1970 ring that were sampled, 
were genuine heartwood or staining produced by wet wood. The subsequent 
elemental analysis of the irregular shaped, dark coloured areas 
showed that they contained elemental levels typical of normal heartwood, 
with the effect that where sapwood rings intersected the heartwood 
coloured areas, the angular distribution of the element changes 
abruptly in a similar way to the elemental changes encountered at 
radial sapwood/heartwood boundaries. This effect can be seen clearly 
in the distribution of chlorine around the growth ring formed in 1970 
(see Fig. 4.8), where the maximum and minimum values of chlorine 
coincide with the sapwood and heartwood regions, respectively.
The majority of the observed angular variations for the elements
- 72 -
measured, appear to be due to sapwood/heartwood changes, which masked 
any angular variations similar to those observed in GE1. The only 
angular distribution which seems to be independant of the sapwood and 
heartwood regions is that of iodine. Each of the six round the ring 
plots of iodine concentration (e.g. Fig. 4.9) exhibit a minimum value 
at about 60° ± 15° W of N. The direction of the local prevailing wind 
is from the south-west (135° W of N); so there is not a direct corre­
lation between the local winds and the direction of the minimum value 
of iodine concentration for GE2, as had been previously observed for 
GE1 (see section 3.3).
It is of interest to note that if the directions of minimum 
iodine concentration in GEland GE2, are extrapolated until they 
intersect, the point at which this occurs in an area of the Guildford 
by-pass (part of the A3, the main London to Portsmouth road) approximately 
halfway between the Wooden Bridge junction and the University exit.
However no obvious explanation is present in the available literature 
which would explain what causes the round the ring variation of iodine 
concentrations that have been observed in this study.
The concentration of iodine in each angular distribution also 
diminishes with increasing height in a similar way to that described 
for the radial distributions (see section 4.2).
From the results reported in section 4.2 useful information about 
the magnitude of the variation of radial distributions with height 
has been obtained which might help in the interpretation of elemental 
distribution in other tree sections. Unfortunately the usefulness of 
the results of the variation of angular distribution with height has 
been limited due to the badly shaped sapwood and heartwood regions.
Further work in this area on a better formed tree might show how the 
magnitude of the type of angular variations reported for GE1 varies along 
the length of the trunk of a ring-porous tree.
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However from the results reported in this chapter it can be seen 
that for a number of the elements studied, their typical sapwood/ 
heartwood boundary changes in concentration persist in the presence of 
the secondary infection, wet wood; thereby providing a method in which 
by looking for characteristic concentration changes, it is possible to 
differentiate between sapwood and heartwood areas of elm even when 
they are visibly indistinguishable due to wet wood staining of the 
sapwood.
CHAPTER 5
THE ANALYSIS OF ELM TREES FROM THE CITY OF STOKE-ON-TRENT
5.1 S toke-on-Trent
As stated in section 1.1 the primary aim of this study was to 
produce chronological information about the past environment. To 
ascertain what variations in elemental concentrations might be observed 
in trees that had grown in a heavily polluted environment, a number of 
transverse sections of elm trees were obtained from different areas 
within the City of Stoke-on-Trent. A detailed analysis has been 
performed on four sections, and in this chapter the results are 
presented, and compared with those from GE1.
The City of Stoke-on-Trent has had a long history of heavy 
industry including iron foundries, coal mining and its internationally 
renowned ceramic industry. The areas now collectively known as Stoke- 
on-Trent (and often referred to as *The Potteries1) have produced 
pottery utensils since Roman times, and discoveries have even been 
made of urns manufactured in that region in the Bronze Age (66). The 
valley of the River Trent consists of areas of rlay on one side and 
deposits of coal on the other, which made the region an obvious choice 
for exploitation during the industrial revolution. Throughout the 
19th century there was continuous industrial expansion in the towns 
of the Potteries, clay marl extraction and ceramic production being 
the major industries, although coal and ironstone mining were also 
carried out on a large scale.
Stoke-on-Trent is still a large industrial area although the 
pattern of industry has changed during the period since the second 
World War*. Pottery and coal mining are still the dominant industries 
of the region but there has been diversification into other types of
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industry. Several of the colleries have closed and a number of the 
clay marl holes have been worked out; and due to this many of the old 
works stategically sited near these facilities have also closed. The 
closure of these old works and the opening of new industrial premises, 
subject to tighter pollution controls, introduced during the last two 
or three decades, has brought about a very substantial improvement in 
the environment in the City (67). Figs. 5.1 and 5.2 provide a rough 
measure (in terms of atmospheric smoke and sulphur dioxide levels) 
of relative pollution levels in Stoke-on-Trent, Guildford and Reading, 
over a period since 1961.
Because of its environmental history, Stoke-on-Trent seemed a 
suitable area from which to obtain tree samples in order to determine 
what elements (that might be indicative of prevailing pollution levels) 
are taken up and retained by trees growing in an industrial environment.
If the ring by ring variations in concentration of these elements are then 
found to mirror the improvements that have occurred in the environment in 
Stoke-on-Trent over the last few decades (see Figs. 5.1a and 5.2a), this 
would demonstrate the usefulness of dendroanalysis as a chronological 
environmental monitor.
Elms were used in this study for the following reasons in addition 
to those given in section 1.6. Elms are a common urban tree in Stoke- 
on-Trent, as they are in many towns, due to their hardiness under poor 
conditions and against all infections except 'Dutch* elm disease. Be­
cause of these qualities elms are often able to survive in areas with 
high levels of industrial pollution where other species of tree would not. 
This has been the case in areas of Stokeron-Trent, so that often the 
oldest trees in certain parts of the City are elms. The North of 
England has been relatively free of 'Dutch* elm disease until the 
severe attacks which occurred during the summers of 1973 and 1974, and
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which necessitated the felling of many of the elm trees in Stoke-on- 
Trent. This made several samples of tree sections available for 
analysis some of which contain growth rings which were first formed in 
the last century.
5.2 Description and Results of the Stoke-on-Trent Samples
Radial and angular elemental variations were determined for up 
to twenty elements, both essential and non-essential, in transverse 
sections taken from four elm trees in the City of Stoke-on-Trent.
Three sections were cut from trees which had been situated in the northern 
half of the City and to the west of the River Trent, the fourth section 
came from a tree in the southern half of the City and which had stood 
to the east of the river, as can be seen from a map of the area (see 
Fig. 5.3).
5.2.1. The Tunstall Park Elm (TP)
The Tunstall Park elm (TP) was a Cornish elm (Ulmus minor 
var stricta 'Cornubiensis*), which had been situated centrally 
in the northern half of the city. To the west and south-west 
of the site of the tree are several factories, and one and a half 
km to the west-south-west lie a number of coal mines, and an iron 
works which was closed in 1967. One and a half km to the north­
east is the Whitfield Colliery, next to which is a large spoil 
heap. Mineral railway lines, running approximately north to 
south, lie within one and a half km at their closest points to 
the west, the east and the north of the site of this tree.
Potteries are also present in the vicinity of the Tunstall Park 
elm, lying to the north-east and the south-west. The tree is 
situated on what is considered to be poor land (68) and the local 
prevailing wind direction is from the south.
A ring:by ring series of samples was cut from a transverse 
section of TP along a radius on a bearing of 45° E of N. A 
visual inspection of this section showed it to contain 25 sapwood 
rings and 52 heartwood rings. The position of the sapwood/ 
heartwood boundary, as defined by the colour change between the
E 1
two areas, was reinforced by the results obtained for the 
radial distributions of several of the elements detected in 
samples from the section. A typical sapwood/heartwood boundary 
drop in concentration was detected for chlorine (Fig. 5.4). An 
obvious change in concentration across the sapwood/heartwood 
boundary was also present in the potassium radial distribution.
(Fig. 5.5), although the change in concentration was in the same 
sense as that observed for chlorine, whereas in previous -- 
elm samples from Guildford potassium concentrations have been 
largest in the heartwood. This change in potassium behaviour 
might be due to any number of reasons, such as differences between 
the species of elm or variations in the amount of potassium 
available for uptake by the trees in the two areas. A similar drop 
in concentration from sapwood to heartwood wasal^ observed for 
sodium, argon and bromine. Increases in concentration from the 
sapwood to the heartwood were noted for magnesium, calcium 
(Fig. 5.6), strontium and barium. These four elements all belong 
to the alkaline earths group in the periodic table, while sodium 
and potassium are members of the alkali metals, which commonly 
form ionically bound compounds with the members of the halogen 
group such as chlorine and bromine. This similarity in the 
results between elements in the same chemical group would suggest* 
if this had been the only tree section analysed, that the variations 
in concentrations between sapwood and heartwood might only be 
dependant on the chemical properties of the element and their
related biochemical behaviour*
The average fluctuations in concentration between adjacent 
rings was observed to be less in the heartwood than the sapwood 
(Figs. 5.4 - 5.6), a phenomenon which was previously noted in 
GE1 and RC samples (sections 3.3). The concentration of 
manganese was measureable in each sample and the radial distri­
bution showed a number of fluctuations, but no obvious sapwood/ 
heartwood change in concentration. Other elements which were 
only detectable in some of the samples from this transverse 
section were oxygen, sulphur (Fig..5.7), copper, germanium 
(Fig. 5.8) and rubidium.
All of the elements measured in the samples taken from TP
were present in measureable quantities in GE1 samples with the
exception of sulphur and germanium. Sulphur in the form of SO2
is a known industrial pollutant which is associated with the
burning of fossil fuels, hence higher levels of sulphur might be
expected in trees and plants in industrial areas. From the
results reported in chapters 3 and 4 it appears that all the
essential elements monitored using NAA are mobilised at the
sapwood/heartwood boundary so that their concentrations in a
heartwood ring do not necessarily reflect the concentration of
the essential elements when that ring was first formed. Sulphur
is an element essential for plant growth, so if it behaves in a
similar manner to the other essential elements studied, its use
as an environmental indicator will be limited to the sapwood
36rings. Due to the low abundance of the S isotope (the only 
suitable isotope of sulphur for standard NAA) NAA is a very poor 
analytical technique for sulphur determinations. This results 
in large uncertainties in the measured sulphur concentrations (see 
error bars in Fig 5.7) and thus distinct sapwood/heartwood changes in 
sulphur concentrations (indicative of cross ring mobility) are not 
easily discernable.
However the average sapwood and heartwood levels for the four 
Stoke-on-Trent elms (Table 5.1) show that higher average levels 
of sulphur are present in the sapwood of each section, which 
could well be due to a cross ring mobility of sulphur, similar 
to that of the other essential elements studied. Thus, although 
atmospheric sulphur dioxide is an indicator of pollution levels, 
it seems unlikely that sulphur concentrations in the heartwood 
of trees actually reflect the level in the surrounding environment 
at the time of formation; although the non-detection of sulphur 
in GE1 does show that sulphur concentrations are higher in the 
Stoke-on-Trent elms than in the Guildford elm.
Germanium, unlike sulphur, is not considered to be an 
essential biological element and in all previous elm samples was 
not observable, with a detection limit of 2.0 yg/g in a 50 mg 
sample. However, half the radial samples from the TP elm were 
found to contain measureable concentrations of germanium (Fig.
5.8), the maximum concentration being 12.3 yg/g. Germanium has 
been shown to be present in soil in concentrations of approxi­
mately 1 yg/g (30) but very few determinations have been made of 
its concentrations in animals or plants, but those that are 
available give values of <1 yg/g. The concentration of germanium 
in coal has been measured at values of between 25 and 3,000 yg/g (30)
and these high quantities of germanium persist in the flyash
produced from its combustion. Hence elevated levels of germanium 
might be deposited from the atmosphere in heavy coal burning areas.
The germanium detected in the TP samples (Fig. 5.8) is
present in both sapwood and heartwood. Its radial distribution 
shows that there are very distinct differences in its concentration 
between several neighbouring growth rings in both the sapwood and
the heartwood, indicating that a minimal amount of translocation 
of this element occurs across ring boundaries. Germanium has 
fairly low toxicity properties (30) compared to cadmium and 
antimony, (which were measured in only the heartwood of the oak 
core, see section 3.5 ) and this may well result in a different
response for this element within a tree compared to more toxic
elements, i.e., no necessity for its removal from the sapwood. 
Because of this germanium might be a more useful element for 
environmental monitoring in dendroanalysis studies, than others 
which have so far been monitored in this work.
It might be of interest to consider the results obtained
for the germanium radial distribution with the knowledge that 
germanium could be an indicator of a polluted environment, 
although the following point needs to be considered before 
associating a well defined chronological scale with the 
germanium distribution. Pollutants can be taken up into a 
treefs system in two main ways as stated in section 1.5, i.e. in 
a form suitable for direct absorption through the leaves or as a 
deposit on the soil surrounding the tree, which would then be 
washed into the soil and might be available through the roots.
In the case of the application of fertiliser to the soil> 
it has. been shown that greatly improved tree growth has not, 
on occasions, occurred until three years after the addition of 
the fertilizer (69). Similar time lag-effects might also occur 
for deposits of particulate air^borne pollutants on soils, such 
as fly ash.
One notable feature of this germanium radial distribution 
is the low concentration observed in every growth ring from 
1959 onwards, especially bearing in mind the legislation that was
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contained in the Clean Air Act of 1956. This Act was brought 
before Parliament as a direct result of the 'Great British Smogs' 
of 1952 and 1955.
Smogs are produced as a result of large quantities of 
smoke in the atmosphere combined with a particular pattern 
of weather conditions. 'Smog* type conditions could well 
precipitate more particulate matter out of the atmosphere than 
usual, thus depositing greater quantities of pollutants on 
soils. Hence variations in the uptake of germanium (and other 
pollutants) by trees, are likely to be dependent on weather 
conditions as well as industrial activity. The 'Great British 
Smogs' of 1952 and 1955 are the names given to smogs that 
occurred in the London area in the winters of these years. It 
is of interest to note that the highest levels of germanium in 
the radial distribution across the samples of TP (Fig. 5.8), 
occur in growth rings formed in these periods, although detailed 
information of the local weather conditions has not so far been 
available to see if smog conditions also existed in Stoke-on- 
Trent at these times.
Germanium is a member of the same group in the periodic 
table as carbon. If the chemical properties of germanium 
within a tree could be assumed to be similar to those of carbon 
(which is considered to be a stable element within each growth 
ring for the purposes of radiocarbon dating) then germanium 
would appear to be a very suitable element for dendroanalysis 
studies. However antimony is also a member of the same group 
of elements and its distribution along the oak core seemed to 
indicate that it had been removed from the sapwood and dumped in 
the heartwood.
Angular variations of all the elements detected in the
- 82 -
radial distribution were also monitored around two complete 
rings. Samples were taken at intervals of fifteen degrees 
around the sapwood growth ring formed in 1968 and also round a 
heartwood ring formed in 1940. The germanium level in the 
sapwood ring samples was below the detection limit but its 
angular variation in the heartwood ring, Fig. 5.9, shows some 
very clear directional variations. Distinct angular variations 
were also observed in the sapwood distributions of sodium, 
chlorine (Fig. 5.10) and potassium, but not in the heartwood 
rings samples which showed much smoother distributions.
The elevated levels of germanium in the 194ft growth ring 
were present in samples taken at angles of about 30°, 60° to 
75° and 210° to 315°E of N. These values are estimates because 
the exact orientation of the transverse section from TP (and 
the other Stoke-on-Trent elms) was not recorded at the time of 
felling as the extent of elemental angular variations in con­
centration around tree rings was not fully-appreciated at the time. 
However^it has been noted during the course of this study that there is 
a tendency for the longest diameter in a tree section to be 
approximately aligned with the local prevailing wind (which in 
this case is from the south) and for the longest radius of this 
diameter to occur on the sheltered side of the tree. Using 
these criteria the assumed orientation of this section was 
determined. The Whitfield Colliery lies on a bearing of 45°
E of N, from TP while factories, coal mines, potteries and a 
now disused iron works all lie to the west of the tree and would 
be enclosed by a sector defined by two radii along bearings of 
210° and 315° E of N. The direction of the elevated levels 
of germanium do not however correlate strongly with the local 
prevailing winds unlike the increased levels of elements observed 
in GE1.
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The directions of the elevated concentrations of sodium, 
chlorine and potassium in the 1968 sapwood ring occurred in the 
regions facing 60°, 240° to 300° and 345° E of N for sodium;
75° to 90°, 150° to 210° and 270° to 315° E of N for potassium; 
and 45° to 90°, 180° to 210°, 270° to 300° and 345° E of N for 
chlorine. It must be borne in mind that due to the possibility 
of spiral growth of the vertical elements joining the leaves 
and the roots in a ring-porous tree (69j , and the fact that the 
pitch of this spiral can change from year to year, the directional 
effects present in.one part of a tree cannot necessarily be 
expected to have the same orientation at different points along 
the length of the trunk, or in different growth rings, although 
there does seem to be a certain amount of correlation between the 
various directional effects measured in the widely spaced rings. 
sampled from TP.
The effects of *Dutch* elm disease had been little in 
evidence in the Stoke-on-Trent area until the last few years. 
However a small area of one of the rings of the Tunstall Park elm 
section exhibited visual signs that might be due to a past attack 
of the disease. An analysis of this area showed a pattern of 
elemental concentrations similar to those from other samples of 
diseased wood (section 6.3), indicating that a disease causing 
effects like those brought about by *Dutch* elm had been present 
in the area in 1935, but only to such a mild extent that the 
tree survived.
5.2.2. The Tunstall Cemetery Elm (TC)
Situated 1.3 km WSW of the Tunstall Park elm was a Wych elm 
(Ulmus glabra) in the grounds of Tunstall cemetery. The factories 
which lay to the south-east of TP were on the east and north-east 
sides of the TC elm. Less than 100 m to the west of the site of
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this tree was the !Goldendale Iron Works* which was closed in 
1967. Beyond that are a number of coal mines and tile factories, 
and about 1 km to the south of the cemetry is a pottery.
The transverse section of TC contained only 3 sapwood 
rings and 41 heartwood rings. The growth rings formed in the 
last seven or eight growing seasons before the tree was felled, 
were much wider than the previous growth rings, a phenomenon 
almost certainly related' to the closure of the iron works and 
the consequent improvement in atmospheric conditions.
The average concentration of the elements monitored in the 
ring by ring samples cut from the transverse section of TC, 
along a radius which was on a bearing of due north, are tabulated 
in table 5.1. Some familiar elemental radial distributions were 
found, such as the distribution for chlorine (Fig. 5.11), but 
due to the small amount of sapwood present in this section, most 
of the distributions are distorted in a similar way to those 
reported for the top two sections in GE2 (see section 4.2), 
for example the potassium results (Fig’. 5.12). Because of the 
difficulty of interpreting elemental changes in concentration 
between sapwood and heartwood when only a small area of sapwood 
is present, the results obtained for the radial distributions of 
other elements in this section will not be discussed in detail, 
although their average values are given in table 5.1.
The radial results for TC shOwed.no germanium was in any 
of the samples above the detection limit, unlike the results 
previously obtained from TP. Sulphur, however, was detected 
in many of the TC radial samples.
Angular variations in concentration were monitored by 
analysing samples cut at intervals of 15° around the second 
most recent growth ring, a sapwood ring formed in 1973, and a
heartwood ring formed in 1961. The results of the angular 
variations around the sapwood ring that was sampled, are also 
complicated by the small amount of sapwood present, which in this 
analysis means that whatever angular variations are present, are 
confused by the strong rise in the outer ring concentration of 
some elements. As a result of this no clear systematic angular 
variations were observable in the sapwood round the ring 
elemental distributions except for silicon, which was present in
measureable concentrations in a few of the samples.
29 29Silicon (detected by the Si (n, p) AI reaction .
following a routine NAA irradiation) was present in six samples 
between 135° and 225° E of N in the 1974 sapwood ring. It is not 
possible to say exactly what the origin of the silicon in the 
tree was, i.e. whether from the soil or the industrial environment, 
but the local prevailing wind direction is known to be from the 
south and as mentioned in the description of the treefs surrounding 
area, a pottery works lies at a distance of just over 1 km in 
that direction. Silicon was not found to be present in detectable 
quantities in any other Stoke-on-Trent samples.
Traces of the rare earths were present in measurable 
quantities in a few of the samples taken from the 1961 heartwood 
growth ring. A sector of the TC section, between 210° and 255°
E of N, was lighter in colour than the rest of the surrounding 
heartwood and four samples were taken from this area as
part of the 1961 ring series of samples. The middle two were 
found to contain detectable quantities of some of the
rare earths (europium and dysprosium in the 225° sample, and 
europium, samarium and dysprosium in the 240° sample). The 
position in which the rare earths were observed corresponds 
approximately to. the side of the tree facing the now disused
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iron works. Two other sauries from this heartwood ring 
contained measurable quantities of dysprosium, but the concen­
trations Were found to be much lower than those observed in 
the 225° and 240° samples.
5.2.3. The Williams Avenue Elm (WA)
The" third elm tree to be sampled from the northern half 
of the City of Stoke-on-Trent was a Wych .elm (Ulmus glabra) 
situated in Williams Avenue which is in a small residential area 
surrounded by open farm land. The Williams Avenue elm (WA) lies 
on a bearing of 70° E of N from the Tunstall Park elm and is a 
distance of about 2.5 km from it. The main sources of possible 
pollution in the surrounding area are the Whitfield Colliery 
0.8 km to the NW, and a railway line and a clay marl pit which 
lie to the west and south-west respectively. Because of the amount 
of open ground in the near vicinity of this tree, it was thought 
(68) that it would probably show less signs of pollution uptake 
than the other trees sampled from the Stoke-on-Trent area.
By visual inspection, the section cut from WA was observed 
to contain 11 sapwood rings and 24 heartwood rings- A ring by 
ring series of samples was cut along a radius of the section, 
on a bearing of 45° E of N. The radial distribution for 
chlorine obtained from the analysis of these samples, produced 
results consistent with the observed sapwood/heartwood boundary 
(see Fig. 5.13). Other radial distributions in which average 
elemental concentrations were greater in the sapwood than the 
heartwood were those of sodium, magnesium, sulphur and argon. 
Greater concentrations were measured in the heartwood compared 
to the values present in the sapwood for calcium, manganese, 
copper and strontium. Rubidium was detected in all the WA
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radial samples and its distribution is shown in Fig. 5.14.,
The average concentration of potassium in the sapwood 
(2,780 ug/g) and in the heartwood (2,730 pg/g) are very similar 
and there was no obvious sharp change in potassium concentration 
at the sapwood/heartwood boundary in this section from WA.
Oxygen concentrations were measured in some of the samples, but 
with large associated errors due to the poor sensitivity of the 
NAA technique for this element. Germanium, bromine and barium 
(elements measured in TP samples) had concentrations below their 
detection limits in WA.
Peaks in concentrations were observed in the angular 
distributions of sodium, chlorine and potassium that were measured 
in the round the ring series of samples from the sapwood 
growth ring formed in 1969. By estimating the original 
orientation of the transverse section, elevated levels of sodium 
were present in this ring in positions corresponding to 15°,
60°, 90°, 210° and 270° E of N. Peaks in the angular distribution 
of chlorine were observed at 30°, 75°, 120° and 210° to 270°
E of N, while potassium values peaked at 30°, 75° and 120° E of 
N. The local prevailing wind is from the south. There appears 
to be a correlation between some of the peaks, in concentration 
and the direction in which the railway line and the clay marl 
pit lie. Low concentrations of dysprosium were observed in 
only two of the sapwood samples and no distinct angular variations 
were observed in any of the elemental distributions monitored 
around the 1960 heartwood growth ring.
5.2.4. The Blurton Road Elm‘(BR)
The Blurton Road elm (BR), a Wych elm (Ulmus glabra), 
is situated in the southern half of the City and to the east 
of the River Trent. Within 1 km of the tree lie collieries
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(to the north, west and south-west), a railway line (to the 
north-east), potteries (to the north-east and east), brickworks 
(to the north, north-east and almost due west) and a slag works 
(to the south-east). Within 1.7 km are also two sewage works 
lying to the south-south-west and the south-west.
A ring by ring series of samples was cut from a transverse 
section of BR, along a radius lying on a bearing of approximately 
45° E of N, A visual inspection of the section showed that the 
sapwood region consisted of 9 rings, and the heartwood area 
contained 35 rings. Sapwood/heartwood type concentration 
differences were observed in the analysis of the radial samples, 
such as the one for chlorine (Fig. 5.15) which reinforced the 
original visual estimate of the position of the boundary.
Sapwood concentrations were also higher than heartwood levels 
for the argon, potassium and bromine radial distributions. 
Heartwood values were higher than those present in the sapwood 
for sodium, calcium, strontium and barium. Magnesium and 
manganese radial distributions had fairly similar levels on 
either side of the sapwood/heartwood boundary. Copper was 
measured in nearly all the radial samples (Fig. 5.16) and showed 
high levels in the outer six rings, which dropped off to much 
smaller values across the rest of the sapwood, rising to fairly 
constant levels in the heartwood. Europium, samarium and dy­
sprosium concentrations were measureable in some of the heartwood 
radial samples from this section although their concentrations 
in the sapwood fell below their detection limits. Fig. 5.17 is 
the radial distribution that was obtained for dysprosium.
The maximum concentrations of these three elements that were
detected in the radial series of samples analysed from BR were,
-3 -2 "
7.5 x 10 yg/g of europium, 8.5 x 10 yg/g of samarium and
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1.5 x 10 yg/g of dysprosium. This value for europium is
below an average quoted value for land plants (30), and the
maximum level for dysprosium is below the upper level observed
in nonaccumulative land plants. An average value for samarium
-3in land plants is quoted as 5.5 x 10 yg/g (30) which is one 
fifthteenth of the maximum value of samarium that was observed in 
the heartwood of BR. Samarium is considered to be slightly 
toxic to plants, while europium and dyprosium are described as 
scarcely toxic. The radial distributions for these rare earths 
are similar to those observed for cadmium and antimony in the oak 
core from Guildford (section 3.5), in that in both cases their 
concentrations are only above their detection limits in some 
of the heartwood samples. Also, in the same way that the 
concentrations of cadmium,and antimony were observed to reach 
high levels in the same rings, heartwood peaks in concentration 
for these three rare earth elements occur in the rings formed in 
1963, 54, 49, 41, 40 for europium, 1963, 54, 51, 49, 41, 40 for 
samarium, and in 1964, 61, 54, 49, 41, 40 for dysprosium.
Thus it is possible that all of these radial distributions were 
caused by the same mechanism, i.e., the translocation of waste 
and toxic materials across the sapwood, which are then accumulated 
at the sapwood/heartwood boundary until heartwood formation 
occurs (see section 3.5). Oxygen, sulphur and rubidium were also 
detected in some of the analyses of the radial samples from this 
section.
Samples used to monitor angular variations around the tree, 
were taken from growth rings formed in 1968 and 1958. The 1958 
ring appeared to be a genuine heartwood ring, while the 1968 
growth ring contained obvious sapwood regions as well as stained
areas, possibly due to heartwood formation or the effect of 
fwet wood* (see section 4.2). The marked changes in the 
concentration of chlorine around the 1968 ring does not appear 
to coincide with the changes in the colour of the wood (Fig. 
5.18), which suggests that the slightly darker coloured areas 
in this growth ring are due to wet wood staining or a similar 
effect, rather than genuine heartwood .
The rare earths europium and dysprosium were detected in 
4 sapwood samples and 7 heartwood samples from the results of 
the complete two rings monitored, while samarium was observed 
in 2 sapwood and 3 heartwood samples. The positions of the 
samples in which these elements were mainly detected were 
225° - 240° E of N in the sapwood ring and 180° - 195° and 
225° - 240° E of N in the heartwood ring. These elements 
are not known as pollutants but they are present in various types 
of rock and clay at levels of a few yg/g. It seems likely that 
similar quantities would also be present in the constitutents 
from which bricks are made, and as mentioned earlier there are 
three brick works in the near vicinity of BR; one lies due north, 
one to the north-east and one on a bearing of 250° E of N of the 
tree.
The presence of europium, samarium and dysprosium in BR 
in quantities much greater than those previously observed in 
the other Stoke-on-Trent trees that have been analysed, might 
also be indicative of different types of soil in the southern 
area of Stoke-on-Trent, compared to that in the north of the 
City. A detailed soil analysis, which lay beyond the scope of 
this present work, would be able to verify this, or show that 
these quantities of the rare earths emanated from industrial 
activity.
Iodine was present in measurable quantities in all samples 
in the BR 1968 sapwood ring from 210® to 345° E of N, although 
it was not present in detectable concentrations in any other 
samples in this ring or in any of the other samples from the 
other three Stoke-on-Trent trees. Angular variations were also 
present in the sapwood distributions of sodium, as well as chlorine 
(Fig. 5.18). Sodium concentrations peaked at 0° and 60°
E of N and those of chlorine at 15°, 60° and 120° E of N. A 
colliery and a brick works lie due north of the tree, a number 
of potteries and another brick works are on a bearing of 
approximately 60° from the tree, while at a bearing of 120° and
at a distance of 1 km is a slag works.
5.3 Comparison of Guildford and Stoke-on-Trent Elms
The average radial sapwood and heartwood concentrations for
each element in the results from the Guildford elm (GE1) and the four
Stoke-on-Trent elms, are set out in Table 5.1; Differences between 
the elemental concentrations of the Guildford elm and those of the 
Stoke-on-Trent trees may be due to a number of factors, such as 
geographical position, the atmospheric and soil environments, weather 
conditions, and also the fact that different species of elm are being 
compared.
A number of differences between the compositions of the trees 
from the Midlands and the one from the south of England are immediately 
obvious. The Guildford elm lacks any measurable quantity of sulphur 
and germanium, elements which are associated with the combustion of 
coal. Sulphur is present in measurable quantities in most of the 
samples from the four Stoke-on-Trent trees, while germanium was detected 
mainly in samples from the Tunstall Park elm.
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Europium, samarium and dysprosium were also mainly detected in 
only one series of Stoke-on-Trent samples, those from the Blurton 
Road elm. The rare earths are not known industrial pollutants, and 
an analysis of the soil from each of the areas around the trees 
concerned should show whether or not this was the source of these 
elements in the Blurton Road elm^ (i.e. they may occur to a higher 
natural level in the bulk of the underlying soil).
Several elements, sodium, magnesium, argon, strontium and iodine, 
have greater average concentrations in the Guildford tree, especially 
iodine which was virtually undetected in any of the Stoke-on-Trent 
trees except for a number of samples taken from around the 1968 
sapwood ring in the Blurton Road tree.
Rubidium and barium concentrations were below their detection 
limits in nearly all the samples from the Guildford elm (GE1) but 
they were measurable in a number’of samples from three of the Stoke- 
on-Trent trees. There appears to be no regional preference for the 
highest or lowest values of chlorine, potassium, calcium, manganese, 
copper and bromine.
The results presented in this chapter have demonstrated that 
step like changes in concentrations across the sapwood/heartwood 
boundary exist in various species of elm trees from the potteries, 
as well as in the southern elm, but these differences are not always 
in the same sense. The concentration of sodium in the Guildford elm 
is fairly similar in both the sapwood and the heartwood. In the three 
elms from the northern half of Stoke-on-Trent the sapwood level of 
sodium is greater than that of the heartwood, while the reverse is 
the case for the tree from the southern half of the City. Magnesium 
concentrations in the sapwood and heartwood are not substantially 
different in any of the sections sampled, with two Stoke-on-Trent 
trees having slightly higher concentrations in the sapwood, while the
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other two have slightlly higher levels in the heartwood.
The differences in chlorine concentration at the sapwood/ 
heartwood boundaries, is in the same sense for all the elms, although 
the magnitude of the difference varies, with the biggest occuring in 
the Cornish elm. The changes in concentration for argon, calcium, 
bromine and strontium are also in the same sense for all five elms.
The average potassium content in the Guildford elm is highest in 
the heartwood, while in the Stoke-on-Trent trees it is highest in the 
sapwood (but only marginally so in the case of the Williams Avenue 
elm). Manganese has its highest average concentration in the sapwood 
of the Guildford elm and the Tunstall Park elm, while the three Wych 
elm sections have higher average values of this element inthe heartwood. 
Copper where measurable, was observed to have higher a v e r a g e concentrations 
in the heartwood of the three elms from the north of Stoke-on-Trent, 
but in the elm from the south of the city, as well as the GE1 elm, copper 
levels are higher in the sapwood.
The lowest sapwood and heartwood concentrations of two essential 
elements, magnesium and chlorine, were measured in the samples from 
the Tunstall Cemetery tree, in which, due to the small amount of
sapwood, the average sapwood concentrations would be expected to be
\
enhanced. The earlier growth rings in the transverse section taken from 
this tree, looked stunted and deformed compared to the ones formed after 
the closure of the iron works that had operated in the near vicinity.
From this evidence it seems a reasonable assumption to suppose that the 
low growth rate was related to the poor atmospheric environment that 
existed in the close proximity of the works and that both these 
factors are related to a low uptake of some essential elements.
The angular distributions of certain elements around a single 
sapwood growth ring in the elms sampled from the industrial city of 
Stoke-on-Trent, contained more complex variations that those previously
obtained in the results for GE1. Although there is a certain amount 
of correlation between the elemental angular distributions in GE1 and 
the local prevailing winds there is not yet sufficient evidence to be 
able to state that any angular variations of elemental content around 
a tree ring is directly attributable to directional air-borne material. 
However in the^preceding section (5.2) an attempt has been made to 
provide information about the industrial activity present in the vicinity 
of the tree, and in many instances this orientation of industrial 
installations coincides with the observed elemental fluctuations in 
the tree.
5.4 Analysis?.of Leaves from Stoke-on-Trent
Situated in the shopping centre of Stoke-on-Trent is a traffic 
island, on which 6 plane trees (Platanus hybrida) have been planted 
(Fig. 5.19), and which had grown to a height of about 3 m by the summer 
of 1975. Parked on the traffic island in front of tree A, was an ice­
cream van with its exhaust pipe facing tree B. The van was parked on 
this site for most of each day, with its engine continuously running 
to power the cooling system for the ice-cream. Trees A and B showed 
distinct signs of poor growth compared to the other four trees; 
their height was less, the leaves they had were smaller and withered, 
and tree B had lost all of its leaves on the side of the tree facing 
the van. Samples of the leaves were taken from trees A, B and C (an 
apparently healthy tree) for analysis. The leaves were taken from the 
side of each tree that was closest to the van,. except in the case of 
B where the only leaves left were situated on the side of the tree 
furthest from the van.
The elemental analysis of the leaves is given in Table 5.2. Nine 
elements were measured in each sample of leaves, including lead, 
vanadium and bromine which are known constituents of petrol and car
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exhaust fumes (9, 70); and sodium, magnesium, chlorine, potassium, 
calcium and manganese which had all previously been detected and 
monitored in the analysis of wood samples. (As bromine can be included 
in the second category as well, caution must be exercised in any 
interpretation of bromine results). Lead concentrations in the leaf 
samples were measured by atomic absorption, but all the other 
elemental determinations were carried out by the use of neutron 
activation analysis under the conditions previously described (see 
section 2.3).
The concentrations of lead, vanadium and bromine are all at their 
lowest levels in the analysis of the leaves from the apparently healthy 
tree C. The highest values of these elements were obtained for the 
leaves from tree A situated behind the van. Tree B had been the most 
strongly effected tree and if the state'of trees A and B was due to the 
exhaust fumes, B might have been expected to show the greatest levels 
of lead, vanadium and bromine. However, it must be borne in mind that 
the leaves from B were taken from the side of the tree not facing the 
van and hence these leaves would have been sheltered by the leaves on 
the other side of the tree before they senesced. The concentration of 
lead, although higher in leaves from A and B than in leaves from the 
healthy tree C, is much lower than lead levels which have been measured 
in the bark of apparently healthy trees (13).
Effects, like those observed in trees A and B, such as dwarf 
leaves and leaves withering prematurely, could be symptoms of exposure 
of the trees to excessive amounts of ethylene (71). Ethylene is a 
plant hormone as well as a constitutent of car exhaust fumes, and 
excessive quantities .of ethylene in the atmosphere surrounding a plant 
have been shown to produce deformed growth.
The trace element content of leaves has been shown to fall as a
leaf becomes senescent (72); in some instances leaves have lost up to 
90% of their maximum mineral nutrient content prior to leaf fall. In 
this case a number of leaves have already been lost from the trees A 
and B, or were withering and would soon have fallen. From table 5.2 it 
can be seen that sodium, magnesium, calcium and manganese concentrations 
in the leaves from the two worst effected trees are greater than in 
the leaves from the healthy tree; and that the chlorine and potassium 
concentrations in the effected leaves are similar or slightly less than 
their concentrations in the leaves from C. This is not the result that 
might be expected from the analysis of leaves if normal senescence 
was taking place.
The higher concentrations of the essential elements in the senescing 
leaves of A and B, as well as their deformed growth, might well be 
indicative of a hormone imbalanced in these trees, although this cannot 
be directly shown from the results reported here. A controlled 
experiment in which the trace element content of plants is monitored 
in conjunction with the amounts of ethylene in their environment could 
provide this information as well as possibly giving more details about 
the mechanisms in plants that respond to plant hormones.
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CHAPTER 6 
1DUTCH1 ELM DISEASE
6.1 History and Discription of 1Dutch1 Elm Disease
No tree disease can have received more public attention, 
especially in the last few years, than ’Dutch1 elm disease. The 
symptoms of the disease are a die-back of the foliage and branches 
of the infected tree. The cause of the disease is the fungus Ceratocystis 
ulmi, which is carried from tree to tree by bark beetles of the genus 
Scolytus (55, 56).
The first observation of the disease was recorded in France in 
1918. Its presence in England was first noted in 1927, and it is now 
common over most of Europe and in North America. ’Dutch1 elm disease 
has in the past been more prevalent in the south of England than in 
the north and Scotland, although there has been a marked general 
increase in the incidence of the disease in all parts of the country 
during the last two to three years.
As stated above the disease is caused by a yeast like fungus, 
which increases by budding and it can then be distributed rapidly 
within the tree via the sapstream. The fungus can make mycelial 
growth through dead wood, but it appears to have great difficulty in 
growing through live summer wood from one annual ring to the next.
This generally means that in a tree which is able to survive an attack, 
the disease will not spread to the new growth ring formed in the following 
growing season. This allows the elm sometimes to .overcome the effects 
of the disease and eventually to return to normal growth until the 
next external infection.
The fungus produces a toxin in the vessels of the elm, which 
stimulates neighbouring parenchyma cells to form tyloses and gum, which
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partially block the vessels. The toxin also has some direct effect on 
the leaves, so the overall action of the fungus is a combination of 
poisoning and water restriction. The tylose filled cells, caused by 
the fungus, are visible in transverse cross-sections of diseased trees 
as a series of dark brown spots in parts of the spring wood around the 
diseased rings. Because of this it is possible from the position of 
this type of marking to date the various attacks which a tree has 
suffered. Cultures of the fungus have been produced from these 
isolated diseased areas of the rings of an elm, up to several years 
after the original year of the attack, even in cases where the external 
appearance of the tree has ceased to show signs of the disease (73).
The production of cultures from diseased rings thus provides positive 
identification of the fungus and the disease it caused.
Although the first identification of fDutchf elm disease in a 
tree in this country occured in 1927, it is thought that the character­
istic signs of the disease can be observed in elm growth rings dating
back to the 19th century (74). It has not proved possible however,
to grow cultures of the disease producing fungus from rings that are 
as old as this, so at present a positive identification of the cause of 
these diseased like areas cannot be made.
6.2 yDiitch> Elm Disease in the Guildford Elm
)
The radial distributions of magnesium (Fig. 6.1), calcium (Fig. 
6.2), strontium (Fig. 6.3) and barium (Fig. 6;4) in the first series 
of radial samples from GE1, showed greatly elevated levels in the sample 
taken from the heartwood growth ring formed in 1950. The measured 
concentrations of these elements were greater than the average values 
in the heartwood region by factors of 3.1* 25.5 and 10.1 for the first 
three elements, while barium which had been virtually undetectable in
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the other samples from this area, was present in the 1950 growth ring
at a concentration 12.4 times greater than its detection limit. Much
28smaller increases were also noticed for sodium and the AZ' isotope. 
Following the discovery of these anomalous results, a subsequent visual 
inspection of the sample and the surrounding areas of the growth ring 
showed that several dark spots were present, which appeared to be 
similar to those described in the literature (55,56) as typical symptoms 
of a ring attached by 1 Dutch* elm disease.
Similar elevated levels of these elements were observed in the 
other two radial series of samples across GE1. The results from the 
third series showed these unusually high elemental concentrations were 
present in the 1950 ring; while in the region sampled for the second 
radial series the results showed these values were present in the 1951 
ring. Visual signs, indicative of 'Dutch' elm disease were also 
observed in the region of these samples and thus it seemed possible that 
these elevated levels of the alkaline earth elements (magnesium, calcium, 
strontium and barium) might provide a new method for the positive 
identification of 'Dutch* elm diseased areas in tree sections.
The areas of the 1950 and 1951 growth rings which contained 
elevated elemental concentration can clearly be seen in Fig. 6.5. This 
is a computer assisted tomographic (CAT) X-ray scan of part of the 
transverse section from GE1. The application of these devices to 
dendroanalysis is discussed in detail in section 7.8. The small 
rectangles from which this picture is composed, are a measure on a 
grey scale of the attenuation of X-rays through the corresponding 
region of the sample. This value is proportional to the mass density 
of the wood, and is also a function of the atomic numbers of its 
constituent elements. At the X-ray energies used in CAT X-ray machines 
(generally an X-ray spectrum with a mean value of about 70 keV), the 
photoelectric interaction, which varies approximately as Z^, dominates
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for material containing high atomic number elements. Thus the 
regions in GE1 which contain eleyated concentrations of elements 
having substantially, higher atomic numbers than the bulk elements of 
the average wood matrix, give rise to disproportionately high values 
of the X-ray absorption coefficient. These Z-dependant effects can 
strongly enhace the X-ray absorption coefficient at concentrations as 
low as ^70 p.p.m., at which levels the effect on the mass density is 
negligible.
The predominant element affecting X-ray attenuation in the 
'diseased' areas of GE1 is calcium. This has a concentration in the 
1950 sample from the first radial series, of more than 30,000 pg/g; 
a concentration in excess of 1000 times greater than that of barium in 
the same sample. However as the X-ray attenuation is approximately 
proportional to Z^ , the relative contribution of calcium to the total 
X-ray attenuation through that sample, is only about 5.8 times greater 
than that for barium. The CAT X-ray scanner (see Fig. 6.5) provides 
a very quick method of determining the extent of these areas of high 
elemental concentrations which might be associated with past attacks 
of 'Dutch* elm disease.
6.3 Analysis of Authentic 'Dutch' Elm Disease
To verify whether similar results to those obtained from the 
samples of GE1 which appeared to be diseased, would also be characteristic 
of samples which had suffered known attacks of 'Dutch' elm disease, a 
transverse section of elm which contained known areas of. 'Dutch' .elm 
disease, was ^obtained from Dr. J. Gibbs of the Forestry Commission's 
Field Station at Alice Holt.
The section of elm came from a smooth leafed elm (Ulmus minor) 
from the Forestry Commission's Thetford Chase establishment in East 
Anglia. The tree was alive when felled in December 1973 and had showed
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no external visible signs of attacks of disease in previous years. 
Subsequent visual inspection of a transverse section of the tree 
showed a numbef of rings containing the dark brown spots characteristic 
of 'Dutch* elm disease. The effect of these attacks appeared to be 
relatively mild as the formation of subsequent growth rings was not 
drastically curtailed in these areas although some reduction in ring 
width was evident for two to three years following the infections. 
Cultures of the fungus Ceratocystis ulmi had been produced from the 
infected areas, thereby providing positive proof that these were 
regions of the tree which had suffered attacks of 'Dutch* elm disease.
Samples, similar to those described in section 2.1, were cut 
from every ring (or from pairs of particularly narrow rings) along a 
radius across the section. Diseased areas were visually distinguishable 
in the growth rings formed in 1968, 1956-53 and 1947, along the radius 
that was sampled. The analysis was performed by neutron activation, 
using the conditions outlined in section 2.3; and the concentrations 
of 14 elements were measured in the samples.
Distinct sapwood/heartwood boundary changes in concentration 
were detected, similar to those previously observed in the results 
'presented in chapters 3, 4 and 5. The radial distribution of 
potassium (Fig. 6.6) is typical of the elements which exhibited higher 
concentrations in the heartwood than in the sapwood, and this type of 
distribution was observed for sodium, calcium, strontium and barium. 
Distributions showing concentrations that were higher in the sapwood 
than the heartwood were obtained for magnesium, sulphur and chlorine 
(Fig. 6.7). Argon and manganese were measured in all the samples 
but no obvious sapwood/heartwood trends were discernible. Oxygen, 
copper, bromine and rubidium were detected in some of the samples that 
were analysed.
Elevated levels in concentration were present, in varying
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degrees in the results obtained from diseased areas for the following
elements, magnesium (Pig* 6.8) argon, (Fig. 6.9), calcium (Fig. 6.10),
strontium (Fig.1 6.11) and barium (Fig. 6.12). Elevated levels in the
28diseased rings were also observed for the A£ isotope.
The magnesium radial distribution (Fig. 6.8) shows a distinctly 
elevated level in the diseased sapwood ring of 1968, although the 
values in the diseased heartwood rings are not perceptively higher 
than the average magnesium values in the area sampled.
The concentrations of argon in the diseased1 regions of GE1 were 
not obviously in excess of the fluctuations between adjacent rings. 
However the radial distribution of argon in the Alice Holt elm (Fig.
6.9) shows distinct peaks in concentration corresponding to the growth 
rings of 1968-67, 1954-53 and 1947, which coincide with the diseased 
rings. In section 3.4 a reason why higher argon concentrations could 
be expected in normal heartwood areas, compared to sapwood areas is 
given. Such an elevated distribution was distinctly observeable in 
the heartwood results for the Reading cedar, but has not been so 
easily discernible in the results.obtained from the elms with their 
more complex structure ,' * Dutch1 elm disease causes the parenchyma
cells to form tyloses and gums (see section 6.1) so in this respect the 
diseased areas can be considered as being similar to heartwood and if 
the assumptions stated in section 3.4 are correct, elevated argon 
levels would also be expected in these regions.
The calcium (Fig. 6.10), strontium (Fig. 6.11) and barium (Fig. 
6.12) radial distributions contain elevated levels in diseased areas 
in both the sapwood and the heartwood. Obvious peaks in the concen­
tration of these three elements occur in the 1968 and 1954-53 growth 
rings, and to a lesser extent in the 1947 ring. The concentration 
of these elemnts in the diseased samples are generally greater than
A
the average values in neighbouring regions, by a factor between 1.3 
and 3.4. These are much lower increases than those that were observed 
for the diseased samples of GE1, but by a visual inspection of the 
ring widths of the two samples, if the effects noted for GE1 were due 
to 'Dutch1 elm disease, the attack appears to have been more severe 
that the ones suffered by the Alice Holt elm.
If raised levels of certain elemental concentrations are indicative 
of the presence of a specific disease, and the severity of the attack 
is variable (i.e. less of a standard sized sample might contain diseased 
wood in a mildly infected tree), then a more meaningful identifier of 
the disease than the absolute increases in concentration of specific 
elements, might be a comparison between the relative size of the 
increases. In the case of GE1 instead of characterising the diseased 
sample by quoting the concentrations of magnesium, calcium and strontium 
as being 3.1, 25.5 and 10.1 times greater than their average values a 
more meaningful expression of the results might be that increases in 
the concentrations of magnesium, calcium and strontium were observed 
and that the size of the increases, compared to that for calcium, 
were 0.12 for magnesium and 0.40 for strontium. As the increase in 
the batium concentration in the GE1 sample is only known relative to 
its detection limit, the actual factor of increase could not be given 
for this element (see table 6.1).
Calcium and barium increases can both be measured for diseased 
areas in the sapwood and the heartwood of the Alice Holt elm. The 
relative increase of the barium concentration in the diseased heartwood 
of this tree, compared to that of calcium is 0.59, but as an absolute 
determination of the magnitude of the barium increase in GE1 could not be 
obtained a comparison between the behaviour of calcium and barium in 
these two tree sections, is not possible. A distinct elevation of 
the magnesium content of a diseased sapwood area in the sapwood of
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the Alice Holt elm was measured, but no obvious increases in the con­
centration of this element were present in the heartwood to compare 
with the magesium results for the 'diseased* heartwood sample of GE1. 
Elevated levels of strontium are present in the sapwood and heartwood 
diseased areas of the Alice Holt elm, but as the strontium concentration 
in several of the other samples from this tree are near or below their 
detection limit, the size of the increase can only be quoted relative 
to the detection limit and not relative to the actual value.
Hence it has not been possible to define a characteristic set 
of factors of increase in elemental concentration from the Alice Holt 
elm, that are indicative of 'Dutch' elm disease. But even if identical 
comparative elemental increases had been present in the two samples, 
it could not be categorically stated that these were absolute proof of 
the presence of 'Dutch* elm infection. When a disease such as 'Dutch* 
elm blocks the flow of sap and hence the flow of mineral nutrients in 
the translocation stream, a localised build up of these elements 
might be expected. It might be possible for an attacked tree to remove 
some of the built up levels of mineral nutrients from the diseased 
areas but it would seem likely that the elements that might not be 
moved are the alkaline earth group as they are considered the least 
mobile of the mineral nutrients (59-61). From the data it is clear 
that excess quantities of these elements are present in the authenticated 
diseased areas of the Alice Holt elm. Hence elevated levels of magnesium, 
calcium, strontium and barium could be indicative of the presence of 
a disease that causes a blockage of the sap flow, and not necessarily 
'Dutch* elm disease, although this is the most common disease in elms (65).
6.4 'Dutch1 Elm Disease in Stoke-on-Trent
Elevated levels of the alkaline earths were also detected in a 
sample cut from the transverse section of the Tunstall Park elm (see
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section 5.2.1). A small area of the growth ring formed in 1935 
showed visible signs of a possible 'Dutch* elm infection, and the 
elevated levels of magnesium, calcium, strontium and barium, 
measured in the analysis of this region, showed that the area had 
almost certainly suffered from a disease that had probably caused a 
blockage of the sap flow.
The concentrations of the alkaline earths in the 'diseased* 
ring were greater than the average values of the surrounding rings by 
factors of 4.9, 24.6, 8.8 and 12.8, for magnesium, calcium, strontium 
and barium respectively. Expressing these values relative to the 
increase in the calcium (as was previously done for GE1) gives factors 
of 0.20, 0.36 and 0.52 for magnesium, strontium and barium, respectively. 
The first two values are similar to the calcium normalised values 
obtained in GE1 which were 0.12 for magnesium and 0.40 for strontium. 
Although it was not possible to calculate this type of value for barium 
in GE1 due to the fact that its average value was below its detection 
limit, the normalised barium increase in the 1954-53 sample from the 
Alice Holt elm was determined to be 0.59, which is fairly close to the 
TP value of 0.52.
This degree of similarity between the 'diseased' samples in the 
three trees might well form the basis for the identification of 'Dutch* 
elm diseased areas, or diseased areas in general until samples of 
wood effected by other types of disease have been analysed for 
comparison. If it was determined that all 'Dutch' elm diseased samples 
contained similarly increased levels of the alkaline earths, and if the 
calcium normalised barium increases lie in the range 0.52 and 0.59 (as
above), then the measureable elevated barium level in the GE1 diseased 
sample can be used to give an estimate of the average value of the 
barium concentration in the heartwood of this section. Taking an average 
value for the normalised barium increase as 0.555, its absolute factor
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of increase would be 14.2. Its peak concentration was 28.9 ug/g, so 
therefore the average barium concentration in the heartwood of GE1 
would be ^2.0 yg/g which can be compared to the detection limit of 
barium in this matrix which was determined to be 2.2 yg/g in a 50 mg 
sample.
Sodium, which is considered to be a fairly mobile mineral 
nutrient (59-61), also displayed an increased concentration in the 
diseased* TP sample, where it was approximately 2.7 times greater 
than its average value in the surrounding samples. The argon concen­
tration in the same sample was only found to be marginally higher than
28its average value, by a factor of 1'.4. The amount of the induced A£ 
isotope was double its normal value in this sample from TP which bore 
markings that were similar to those produced by 1 Dutch* elm disease.
From this analysis of an area of TP it seems likely that a 
disease which causes blocking of the translocation stream has been 
present, although it is not possible to say categorically, that this 
is * Dutch* elm disease purely from the elemental analysis. If, however, 
at a later date this is shown, then * Dutch* elm disease had been present 
in 1935 in a part of England where it has been little in evidence Until 
1970. Also if elemental analysis could be used for positive identi­
fication of *Dutch* elm disease, it would be an especially useful 
method of detecting past attacks of the disease in samples too old to 
produce fungus cultures (see section 6.1).
The results from the analysis of known diseased or possibly 
diseased elm samples have shown that there are larger than average 
quantities of the alkaline earth elements in these samples. It has 
been suggested that this is a direct consequence for these less mobile 
elements as a result of the blockage of the sap carrying vessels by the 
disease. Another possibility which might warrant further investigation
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by plant pathologists is that the disease stimulates the tree to 
produce excess quantities of these elements in the diseased areas, 
as a protective biochemical response to stop, or lessen the effects 
of the disease. If this is so there might be a correlation between 
soils containing higher than average quantities of magnesium, calcium, 
strontium and barium, and areas of the country in which 1 Dutch* elm 
disease attacks have been less noticeable or not so severe.
CHAPTER 7
OTHER ANALYSES
£
7.1 Introduction
In order to obtain information about the elemental composition of wood 
sanples, in addition to the results produced by the routine irradiation 
procedure described in section 2.3, other methods of employing NAA have been 
investigated. These include the use of much longer irradiation periods, 
which are required for the analysis of elements which produce, by thermal 
neutron reaction, isotopes with long half-lives; cyclic NAA techniques 
(CNAA) which enhance the detection of isotopes with very short half lives; 
and the use of a low energy photon detector to observe the low energy 
gamma-rays emitted from irradiated wood samples.
Experiments have been performed with two other multi-elemental 
analytical techniques (electron microprobe and proton induced X-ray emission) 
to determine their usefulness in dendroanalysis work, especially for 
botanically important elements whose concentrations were not determined 
using the routine NAA irradiation conditions. Additional information about 
a small number of elements present in the tree sections studied, has also 
been obtained by using low level background counting techniques to measure 
the levels of naturally occuring radioactive isotopes in the wood.
In an attempt to obtain more detailed information about the elemental 
distribution across the entire tree section, the possible use of computer 
assistedtOmography (CAT) X-ray scanners has been investigated and discussed 
in this chapter. Also included in this chapter are the results of the 
analysis of soil samples taken from around GEI which are compared with the 
elemental concentrations measured in the tree in an attempt to provide 
information about the relationship that exists between the tree and the 
surrounding soil.
7.2 Long Irradiation NAA
Figure 2.3 shows that only four of the elements that were originally 
considered to be of interest to this study (and that are detectable by NAA) 
have half-lives longer than one day. The sensitivity of these elements 
(iron, cobalt, arsenic and antimony) to detection by NAA using the routine 
irradiation conditions described in section 2.3, is obviously low compared 
to the value that could be obtained using much longer
irradiation conditions. Only one of these four elements, antimony, (see 
section 3.5) has been present in any of the NAA results obtained using the 
10 minute irradiation period.
Due to the large differences in half-lives between these four elements 
(26.3 hours for arsenic and 5.24 years for cobalt) a single irradiation 
period can not give optimum sensitivity for all of them. As the maximum 
length of a long irradiation period for the samples was limited by constraints 
on the time available, the long irradiation conditions chosen were those 
more suited for the detection of arsenic and antimony than for iron and 
cobalt.
A representative series of previously analysed wood samples were 
irradiated in the 0° core tube facility (see section 2.3) for a total 
irradiation time of 43.8 hours (6 reactor operating days). Four days 
were then allowed to elapse before the induced activity of the samples 
was counted, in order to allow the activity of shorter lived isotopes 
present in the wood samples, such as the easily activated sodium and 
potassium, to die away. Each sample in turn was counted for 5000 seconds 
(clock time) using the Ge(Li) detector and associated counting equipment 
described in section 2.3.
The presence of iron and cobalt in the selected wood samples remained 
undetected even under these more favourable irradiation conditions, although 
their detection limits improved from 94mg/g of iron in a 50 mg sample of 
wood using the standard 10 minute irradiation conditions, to 82 yg/g of
iron in the same sample. Similarly for cobalt its detection limit
inproved from 220 yg/g to 0.2 yg/g. These detection limits could be
inproved by still longer irradiation and counting periods but the
experimental time involved becomes prohibitive, and other analytical
techniques would probably be more suitable for the determination of these
two elements in wood if they were considered to be of special interest.
One such method for cobalt determinations would utilize a low energy
photon detector (see section 7.4) to measure the activity due to the
^0raCo gamma-rays, that have an energy of 58.5 keV. This isotope of cobalt
has the more convenient half-life of 10.5 minutes. One hundred times less
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intense gamma rays, that are also characteristic Co, have an energy of 
1332.4 keV. These have never been observed in the Ge(Li) spectra obtained 
for any sample of wood analysed in this project. The detection limit for 
cobalt in a 50 mg sanple of wood based on this peak is 1.85 yg/g.
Antimony was not detected in the long irradiation results for samples 
in which it had not been previously measured. Its detection limit was
6.2 yg/g for a 50 mg sanple, using the standard 10 minute irradiation and 
count, and 0.02 yg/g for the long irradiation conditions outlined above.
The detection limit for antimony that resulted from a 10 minute irradiation 
is also enhanced by increasing the waiting and counting times, e.g. the 
detection limit resulting from the conditions, t^  = 10 minute, t^  = 10 hours 
and tc = 5 hours, was 2.1 yg/g for a 50 mg sample.
In the results from the long irradiations, arsenic was found to be 
present in measurable quantities in the samples of elm from Stoke-on-Trent, 
but not in the samples of GEI and RC, where its concentrations were below 
its detection limit (under these conditions) of 0.05 yg/g. Concentrations 
of arsenic of 0.22 yg/g and 0.08 yg/g were measured in sapwood samples 
from the Tunstall Park elm and the Blurton Road elm respectively, while 
heartwood samples from the same trees contained 0.16 yg/g and 0.20 yg/g.
Arsenic is an element that is associated with the burning of fossil 
fuels, and hence its presence in the environment might reflect the level 
of industrial activity in the surrounding area. Insufficient numbers 
of samples from the Stoke-on-Trent trees have so far been analysed for arsenic 
to enable an accurate determination of the extent of its cross-ring 
mobility and hence its degree of usefulness as an environmental indicator 
in dendroanalysis studies.
In any interpretation of the results from a detailed survey of arsenic 
levels in wood, it must be borne in mind that arsenic is not only an element 
indicative of certain pollution effects, but it is also an element that can 
be associated with a variety of mineral deposits (19) (see section 8.2), and 
thus some knowledge of geological patterns in the area might be an advantage 
in attributing specific origins to arsenic distributions. Thus, apart from 
these results for arsenic, the long irradiation conditions that were used, 
have provided no useful extra information for this study.
7.3 Cyclic Neutron Activation Analysis (CNAA)
Three elements cited in figure 2.3, with half-lives < 1 minute, would 
have NAA sensitivities substantially improved by using irradiation periods 
that are much shorter than the 10 minute standard conditions. A special 
fast transfer facility between the reactor core and a counting system, has 
been constructed at ULRC in order that the activity due to gamma-rays 
emitted by isotopes produced from neutron induced reactions and which 
decay with short half-lives, can be measured utilizing the principles of 
cyclic neutron activation analysis (7 5).
The three elements of interest in this study which have half-lives 
of less than one minute, are oxygen, fluorine and lead. Oxygen is a major 
component of the wood matrix. It is also present in the trapped air in 
the cells of the samples, as well as in the air in the polyethylene sample
capsules (from which the samples are not removed for counting in CNAA 
due to the repeated irradiation and counting periods that are necessary 
for this analysis technique). Hence the oxygen signal obtained in CNAA 
of wood has three components. The proportion of this signal that is due 
to oxygen in trapped air can be determined by monitoring the gamma-rays 
emitted by the activated argon. Alternatively the amount of oxygen 
trapped in the sample capsules can be found by calculation (about 2.8 mg) 
or by irradiating an empty capsule under the same conditions. Also the amount 
of trapped oxygen in the air in the cells of a wood sample is small compared 
to the quantity of bound oxygen, and can therefore be ignored; (by taking the 
largest average value for argon measured in a wood sample (that had been 
removed from the sample capsule, (see Appendix 2), less than 0.06% of the 
oxygen signal from that sample was due to the trapped oxygen in the cells.).
Although CNAA is therefore a technique that is capable of providing . 
accurate information about the quantities of oxygen in wood, determinations of 
oxygen content were not performed on a routine basis as it was considered 
that no extra environmental information would be obtained by monitoring 
a bulk element. Also values of the oxygen content of several samples were 
obtained using the 10 minute irradiation conditions described in section 2.3, 
although the errors associated with these results were much larger than those 
for optimised CNAA conditions.
Fluorine and lead, the two other elements of interest, are both 
commonly occurring toxic elements which have been detected in industrial 
smokes (30) and therefore they require attention in a comprehensive dendro- 
analysis project since their concentrations might prove to be indicative 
of certain types of pollution conditions.
Some of the previous studies that have utilized the cyclic activation 
facilities at ULRC have determined lead by using two Nal(Tl) detectors 
connected in a modified sum-coincidence system (75), and fluorine has been 
determined using a Ge(Li) detector (76). The detection limits obtained 
for these two elements in standard botanical matrices were « 30 yg/g of
lead in NBS Orchard leaves (75) and 2.6 yg of fluorine in 150 mg of 
Bowen’s Kale (76).
Szopa et al (13) determined the concentrations of lead (by atomic 
absorption) in the xylem of oak and pine trees situated approximately 90 m 
from a road. The values obtained varied between 0.4 - 4.3 yg/g. Therefore, 
assuming similar levels to be present in the dendroanalysis samples, these 
would clearly be well below the detection limits cited above.
If the fluorine concentration of wood is taken to be similar to that of 
Bowen’s Kale, by directly extrapolating Kerr's detection limits (7^), a sample 
of wood with a mass in excess of 1.9 g would be required to measure fluorine 
concentrations by CNAA. This mass is bigger than the samples produced by the 
drilling technique described in section 2.1,which is limited by the ring 
widths and produces sample masses designed for use with the routine NAA 
conditions outlined in section 2.3. Hence specially cut large samples would 
be required for CNAA for fluorine?and individual ring sampling would be 
rendered difficult or impossible. Also the amount of induced activity 
in a sample of 1.9 g (for a fluorine determination) would produce an 
unrealistically large dead time in the A.D.C. of the multi-channel analyser. 
Thus, although CNAA is a readily available technique, it must be ruled out 
as a method of .analysis suitable for the determination of the levels of 
fluorine and lead that are likely to be encountered in wood.
Fluorine and lead are elements of great environmental interest, but as 
it would not have been possible to perform another one, or even two 
completely different forms of analyses for these elements without reducing 
the total number of samples analysed in this survey, the concentrations 
of these two elements in the wood samples used in this project have not been 
determined.
7.4 NAA Using a Low Energy Photon Detector
A representative series of wood samples, that had previously been 
analysed by NAA using a Ge(Li) detector (see section 2.3) were re-irradiated
under the same conditions and the subsequent count was carried out on a 
Princeton Gamma Tech intrinsic germanium (Ge) detector of planar construc- 
tion with a thickness of 5 mm, an area of 200 mm and a resolution of 0.84 
keV at 122 keV. The relative y-efficiency these small planar detectors
falls off more quickly with increasing y-energy than that of the large 
volume coaxial Ge(Li) detectors (which are normally used for most NAA 
applications) and therefore the interference between the Compton continuum 
of high energy y-components is reduced under the low energy peaks, which can give 
an overall improvement in counting sensitivity for low energy y-spectra. The 
low energy resolution of a Ge planar detector is also generally better (due 
to better charge collection) than that of a coaxial Ge(Li) detector, so that 
for the measurement of photons with an energy of =*.150 keV or less, more 
accurate results may be obtained with a planar Ge detector.
In the spectra produced using the low energy photon detectors a 
number of gamma peaks were detected but none that could be attributed to 
elements whose concentrations had not been previously measured with a 
Ge(Li) detector. The low energy gamma-rays characteristic of the shortest 
half-life isotopes of the rare earths, which had previously been observed 
in the Ge(Li) spectra of some of the samples from the Stoke-on-Trent elms 
(see section 5.2), were also detected in the Ge spectra of the same samples.
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Similarly the 139 keV gamma-ray of Ge was measurable in some of the spectra
produced by the Ge planar detector, but only for samples in which germanium
concentrations had been previously measured; however in some of the Ge
75spectrum a peak characteristic of the 66.0 keV gamma-ray of Ge was also
observed, and this had not been seen using the Ge(Li) detector.
As previously mentioned in section 7.2, the detection of gamma-rays 
60nicharacteristic of the Co isotope could in principle provide an alternative,
quicker method for cobalt determinations in wood by NAA. The half-life of
the Co-isotope is 10.5 minutes, and hence it is more suited to the routine
irradiation conditions used in this study than the ^Co isotope with a half-
60mlife of 5.24 years. The most intense gamma-ray emitted by the decay of Co
has an energy of 58.5 keV, which could not be easily resolved in a
multi-component spectrum produced by the large coaxial Ge(Li) detector,
but which would be ideally suited for detection by the high resolution
planar Ge detector. However, the concentration of cobalt in all the
samples from the series analysed, using the Ge detector remained below the
- 3detection limit, which is of-the order of 7 x 10 yg/g for a 50 mg sample
- 2(compared with 3 x 10 yg/g for a Ge (Li) and the same y-peak).
Although the use of a Ge planar detector has not enabled the list of 
elemental concentrations determined in wood to be extended, if only specific 
elements are of interest in a particular analysis, and they all produced low 
energy photons following irradiation (e.g. the rare earths), then using a 
counting system based on a Ge planar detector would probably produce results 
with smaller errors associated with peak area determinations. Schock (77) 
reports that, in a comparison of a coaxial Ge(Li) and a planar Ge detector 
for the analysis of long lived isotopes of the rare earths in geological 
materials, in nearly all cases the results from the Ge detector yielded the 
smallest errors for the two systems.
7.5 The Electron Microprobe
Two multi-elemental analytical techniques,which are available at the 
University of Surrey', have been considered as alternative analytical
methods to NAA, or for possible use as complementary techniques for the 
determination of elements not determined by NAA.
One of the alternative methods considered for the analysis of some of 
the elements in wood, was the use of an electron microprobe, an instrument 
for which typical detection limits of 100 p.p.m., or better, have been 
obtained (78) for elements of about Z > 11 (depending on the properties of 
the detector used). The potential of this method for dendroanalysis studies 
was evaluated by using it to examine a number of previously analysed samples 
from GEI. The samples used were carbon coated before they were placed in 
the sample chamber of the Japanese Electron Optics electron microprobe which
was used for this analysis. Characteristic X-rays emitted by the 
samples in a micro-focussed 30 keV electron beam were detected by a silicon 
lithium drifted (Si(Li)) detector, and data acquisition was performed by a 
Canberra 1024 channel multi-channel analyser.
Only potassium and calcium were readily detectable in most of the 
sanples analysed with this system, and these two elements together with 
magnesium, were generally found to be the three most abundant minor elements 
measured in the wood samples by NAA (see Table 3.1). X-ray spectra for 
each sanple were accumulated for a period of between 100 and 500 seconds 
with a beam current of 0.2nA. Magnesium was occasionally detected in the 
results from a 500 second counting period but other trace and minor elements 
such as silicon, phosphorus, chlorine, iron and nickel were only possibly 
detectable above background following a 1 hour count.
Thus the use of an electron microprobe as a multi-elemental analytical 
technique for the analysis of wood samples would generally be too time 
consuming and expensive to be used on a routine basis. However for the 
abundant elements cited above,this instrument could represent a useful 
technique, particularly in applications where the unique micro-probe 
feature was of value.The very small sample area analysed by the electron 
microprobe (=* 1 ym diameter) could enable the variations in concentration of 
the more abundant minor elements in wood to be monitored over much smaller 
dimensions (in particular on a cellular level) than is possible with the 
ring by ring variations that have been obtained by NAA measurements.
Figure 7.1 shows part of the sample of GEI which contained anomalously 
high levels of magnesium, calcium, strontium and-barium compared to the values 
that were measured in neighbouring samples (see Figure 6.1-4). It is 
possible that this variation is indicative of a past 'Dutch* elm disease 
attack (see section 6.2). Photographs of this sample, such as Figure 7.1, 
which were produced by the electron micro-probe, show that it contains a 
number of small inclusions, not previously observed with this instrument in 
other samples from GEI. An electron micro-probe analysis of such an
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inclusion showed it to have a high calcium content compared to 
surrounding material. This can be clearly seen in Fig. 7.2 which is a 
map of the calcium X-rays emitted during a raster scan by the electron 
beam over the area defined by Fig. 7.1. A similar scan (Fig. 7.3) for 
potassium (which is an element that did not show elevated concentrations 
in this sample (see Fig. 3.1)) shows that there is no similar elevated 
concentration of potassium in the inclusion, and that potassium is distributed 
evenly throughout the sample.
A line scan for calcium X-rays across the inclusion, Fig. 7.4, shows 
that the calcium concentration in the inclusion is approximately 20 times 
greater than the level in the surrounding areas, which suggests that most 
of the additional calcium observed in the 'diseased1 sample is contained in 
these small inclusions.
For a small number of applications, such as above, where very local 
analysis of potassium and calcium concentrations in wood might be required, 
the electron micro-probe can be used to complement information obtained by 
NAA measurement, but from the results obtained for other elements, whose 
concentrations are about or below the average detection limit of 100 p.p.m., 
it is not a sensitive enougjh instrument for multi-elemental determinations 
in wood.
7.6 Proton Induced X-Ray Emission (PIXE)
The second multi-elemental technique which has been considered as an 
alternative to NAA is proton induced X-ray emission (79). If sufficient 
quantities of elements are present in a sample, this technique is also 
intrinsically capable (in the absence of matrix interference) of detecting 
elements with an atomic number of about Z > 11 (depending on the properties 
of the detector used). Hence if this method is sensitive enough for the 
analysis of a wood matrix it could be used to determine the concentrations 
of several elements which have not previously been measured, as it has a
much more "even-handed" sensitivity than thermal NAA for neighbouring ele­
ments, since X-ray yields are a smooth function of atomic number. PIXE 
analysis also has the advantage that the sensitivity of the technique is 
better than that obtained by electron bombardment (which is used in the electron 
micro-probe) because the spectrum background that is produced is much less, by 
several orders of magnitude, than the direct bremsstrahlung produced by an 
electron beam.
The installation of an automated proton induced X-ray emission system at 
the University of Surrey (80), is nearing completion. The source of protons 
for the system is the University's van der Graaf generator accelerator, which 
produces protons with energies up to 2 MeV. The basis of the automated 
analysis system is an evacuated target chamber, which contains a stepping 
motor assembly. Samples (such as time varying air filters or, as in this case, 
a strip of wood cut along a radius of a tree trunk) are placed in the chamber, 
and the X-ray emissions produced by proton bombardment of the sample are 
detected by an Elscint planar intrinsic germanium detector. The data pro­
duced is stored in a Link 1024 channel multi-channel analyser, and at the end 
of a predetermined integrated proton current the contents of the memory is 
dumped to a Data General floppy disc system. A signal is then sent to the 
stepping motor assembly which moves the sample across the proton beam, and a 
new area is analysed. Thus eventually it is hoped that by synchronising the 
stepping assembly to the width of the rings on the sample a whole series of 
elemental analyses can be obtained automatically.
The data accumulated by the apparatus described above can be analysed 
by computer in a similar manner to that described in section 2.4, and because 
of the sequential nature of the data stored on the floppy disc it should only 
require a small addition to the computer programs to tabulate the results 
from each successive ring and produce, unaided, graphical plots of the 
results, similar to those shown in chapters 3 - 6.
Early trials of the PIXE method for the analysis of wood have shown 
that the relatively high levels of potassium and calcium tend to drown out 
weaker signals from the less abundant elements. Absorbers, placed in front
of the detector, could be used to reduce these strong responses and thus 
enhance the sensitivity of the weaker signals from elements with a larger 
Z. A fuller and more accurate evaluation of the sensitivity of the system 
will be possible once it's installation is complete. The automated system 
described in this section could prove valuable in routine analysis for 
certain elements. For example potassium and calcium are two elements which 
have been shown to exhibit marked changes in concentration at the sapwood/ 
heartwood boundary, and one application for the University of Surrey's 
automated PIXE system could be to search for this boundary in discoloured 
wood samples by analysing a series of rings and looking for the discontinuity 
in concentration of these two elements. At present, badly discoloured 
samples require careful scrutiny of their cell structure by experienced 
workers to determine the extent of the sapwood region. Also the beam 
focussing arrangements presently available gives focal spots of about 1 mm 
diameter at the target, which would be adequate for measuring elemental 
variations across growth rings, especially in broader rings where early
wood/late wood variations in elemental concentrations could be non-invasively 
measured. In the near future a new Harwell designed quadruple focussing 
magnet is being installed which will give micro-focussing down to - 4 pm 
which will enable cellular variations to be examined.
7.7 The Measurement of Natural Radioactivity
Many naturally occurring radioisotopes are present in all facets of the 
earth's environment, as well as a number of man made radioisotopes which have 
been produced as a result of nuclear arms testing and to a lesser extent by 
the nuclear power industry. Various amounts of these radioactive materials 
are taken up and incorporated into the structure of living organisms.
Probably the best known example of these is the assimulation of radiocarbon 
(*^C) into all carbon based life forms. The normal uptake of ceases at 
the time a living organism dies, and the measurement of the activity of 
radiocarbon in dead organic matter can be used to estimate the length of
time that has elapsed since death. Tree rings provide an easily
14interpretable chronological structure which is used to standardise C 
results.
Berger has shown the usefulness of the analysis of the radiocarbon content
14of trees for this purpose, by demonstrating how the observed levels of C
in tree rings mirror the atmospheric values that existed at the time of ring
formation (7). This effect is most marked in the results produced for tree
rings formed during the late 1950*s and early 1960's when nuclear arms
testing dramatically increased the atmospheric levels of radiocarbon. A
14similar analysis performed by Procter (81) has produced C concentration 
results for tree rings formed as recently as 1975.
Procter's radiocarbon analysis was performed on samples taken from the 
rings of the Reading Cedar, a tree whose trace and mirror elemental content 
had previously been analysed by NAA (see section 3.2). Radiocarbon 
concentrations in the growth rings of RC were measured by dispersing fine grains
i
of the wood in a scintillation gel mixture, which was then counted on a liquid 
scintillation counter for periods of between one and sixteen hours. This 
counting technique only allowed about 0.5 gm of wood to be introduced into 
the sample vials so that the smaller levels of activity from other 
environmental radioisotopes, such as tritium and caesium 137, could not be 
measured. The radiocarbon data produced by this technique shows that the 
14C content of the atmosphere has fallen off approximately exponentially 
since the end of the main period of nuclear arms testing in 1963, with an 
effective half-life of about 4.26 years, which agrees well with the 
estimated turnover time for carbon dioxide in the atmosphere of about 
4.5 years (30).
14The use of tree growth rings as dated C material is based on the 
assumption that once a growth ring ceases to be the outermost ring carbon 
exchanges with the atmosphere cease. This must be true, at least to a 
considerable extent, otherwise the correlations reported above would not 
be observed. However, recent work reported by Cain and Suess (82) shows
that 'bomb carbon1 was not only incorporated in the outermost growth
ring of a tree but (to a much lesser extent) was, at about the same time,
assimilated into the tree at the sapwood/heartwood boundary.
These results could be related to the cross-ring movement described
by Stewart (33) in his explanation of heartwood formation (see section 3.5),
in which there is a flow of waste and toxic materials from the outer growth
rings to the sapwood/heartwood boundary, where they are dumped, and this
causes the formation of new heartwood. In this manner any carbon-containing
waste substance formed in the outer growth ring during a period of high 
14atmospheric C levels, will be transposed to the innermost sapwood ring
14thus causing above average values of C to be present in a ring which had
been formed several years previously. This effect would not only result in 
14a blurring of C variations due to a phase difference equivalent to the 
number of sapwood rings in the tree) but could also be responsible for some 
of the elemental distributions observed1:in this study (see section 8.1).
Cain and Suess's results are not totally unexpected in the light of the 
previous results of Hillis and Hasegaw (83), in which *4C-glucose was 
injected beneath the bark of a tree, and later is observed to be present 
throughout the sapwood region of that tree, but the radioactivity was found 
to cease abruptly at the sapwood/heartwood boundary.
Another element that can be measured by observing its natural
radioactivity is that of potassium. By measuring the activity of the
40 9radioactive K (half-life = 1.3 x 10 years) and knowing the relative
40abundance of K, the total potassium content of a sample can be obtained.
Experiments to determine the potassium concentration in a sample of 
GEI by this method were performed using the low level background counting 
facilities of the National Radiological Protection Board (NRPB) at Harwell; 
and I am indebted to Dr. J. Hunt at the NRPB for carrying out these measure­
ments. The sample of GEI used in this work, was approximately circular in 
shape with a diameter of about 70 mm, a depth of 30 mm and a mass of 74g. 
Approximately three quarters of the sample was heartwood and the rest
sapwood. The reported activity due to in this sample of wood was 
about 7pCi/g. This is equivalent to an average potassium concentration 
in the sample of about 8,200 yg/g. Using the average heartwood/sapwood 
values for potassium in GEI, measured by NAA (see table 3.1), and weighting 
in the ratio three parts heartwood to one part sapwood the average potassium 
concentration in the GEI sample described about is about 8,020 yg/g, which 
is in good agreement with the NRPB value.
The 1,000 minute counts performed at the NRPB also detected the
137presence of Ceasium 137 in the GEI wood sample. The activity due to Cs
was about 0.085 pCi/g which corresponds to an average concentration of this
particular isotope of ceasium of about 9.8 x 10 ^  yg/g.
Ceasium 137 is a radioisotope that is present in the fall-out produced
137
by nuclear weapons. Although the concentration of Cs does not provide
direct information about the levels of stable ceasium in wood, its
concentration in tree rings cbuld (depending on its mobility within the tree)
be an indicator of past levels of fall-out products that have been present
in the atmosphere. If equipment similar to that used for the preliminary
137NRPB study described about was to be used for a ring by ring study of Cs
137it must be borne in mind that the Cs activity measured in the GEI sample
was determined for a sample mass of 74 gm. The ratio of the peak area produced
137by the 661.6keV gamma-rays emitted by Cs in this sample, to the square
root of the background under the peak, was 27.4 for the best results obtained
by using the detector in an anti-coincidence mode. Assuming that a meaningful
137measurement of the Cs activity could just be made if the ratio of the peak
area to /B was 2.5 (see section 2.5), then 6.7 gms of wood from each ring
137would be required to produce a ring by ring distribution of Cs across a
transverse section of tree. Due to the difficulties encountered in trying to
obtain this quantity of wood from tree rings which are only a few mm wide,
137the study of a ring by ring distribution of Cs has proved impossible for the 
elm samples used for the majority of work in this project.
7.8 Computer Assisted Tomography (CAT) X-Ray Scanning.
The introduction of the E.M.I. CAT X-ray head scanner in 1972, and
the subsequent body scanner, has had an immense impact on diagnostic
radiology. This is due to the ability of the CAT scanners to construct 
cross-sectional X-ray pictures of a patient from data produced by linear 
transitions, at successive angular increments, of an X-ray source and a 
detector positioned on the opposite side of the subject. The output from 
the detector system is a measure of the attenuation of the X-rays through 
the patient. The constructed X-ray cross section consists of a large number 
of small rectangular picture elements (320 x 320 are used in the E.M.I. 
body scanner) each of which represents the average X-ray attenuation through 
the corresponding region of the patient. The attenuation values obtained 
for each of these rectangles are displayed according to a grey scale and 
pictures such as Figure 6.5 and those published in the literature (84), are 
produced. The remarkable sensitivity of this type of instrument enables 
neighbouring soft tissues, which differ in density by only a few parts per 
thousand to be easily distinguished. Figure 6.5 shows a transverse CAT scan 
of a cross-section through an unprepared section of wood from GEI.
The attenuation of X-rays through a sample, as briefly outlined in
section 6.2, is related not only to the mass density of that sample but, due 
to the photoelectric effect, is also strongly dependent on X-ray energy and 
the atomic number of elements contained within the sample. CAT X-ray scanners 
generally utilize an X-ray tube which produces the usual X-ray continuum with 
a mean value of about 70 keV. For x-rays in this energy range, the major
contribution to x-ray attenuation through materials with a high atomic number,
results from the photo-electric effect, which has a-cross-section approximately 
proportional to Z^ . Because of this small quantities of high Z material in a
low Z matrix (such as the trace and mijior elements in wood, which is “95%
hydrogen, carbon, nitrogen and oxygen) would produce a disproportionately 
large contribution to X-ray attenuation through that matrix.
An example of this effect can clearly be seen in the tomograph of
f
GEI (see Figure 6.5), where the extent of the diseased regions of part 
of a transverse section of this tree (see section 6.2) can be seen 
distinctly. Calculations show that the rise in the mass density pf ^  “
calcium from the 'non-diseased* to 'diseased' a r e a s  is “5%, but the mass 
attenuation increases by about 56% for 10 keV X-rays (85).
In Figure 6.5 the ring structure of GEI can be clearly seen. The 
results from which this picture is constructed, can be expressed digitally, 
and the values of the data along any chosen chord of the scan can be 
displayed. This could be utilized to provide a new method of obtaining 
dendrochronology curves very rapidly (20 seconds irradiation were required 
for the scan of GEI, followed by about 3.3 minutes of computation), with 
almost no sample preparation (86) (see also section 8.2)'* The picture 
elements displayed in figure 6.5 represent the X-ray attenuation through 
a 0.75 mm x 0.75 mm region of 15 mm thick slice of Wood. Because of this 
the limit on spatial resolution for the production of dendrochronology curves 
is a minimum of 0.75 mm, which might be too large to enable the accurate 
measurement of small tree ring widths. This could however be improved by 
alterations to the controlling computer program to reduce the size"of the 
picture element. This in turn would require longer counting times or a 
stronger X-ray source, and would result in a greater radiation dose to the 
sample.
The photo-electric.cross-section is not only Z dependant but varies 
-3 5with energy as E * , and because of this different total attenuation 
results are obtained by using incident photons of different energies. This 
variation of the attenuation with energy for each element in the matrix,
.4*
I am indebted to Professor B. R. Pullan for his kind permission to use the 
E.M.I. body scanner at Manchester University, and I would also like to thank 
my colleague K. Kouris for assisting Professor Pullan in producing the photograph 
shown in figure 6.5.
could form the basis of an elemental analysis technique (87). By
producing a series of X-ray scans (each taken with a different energy)
it is theoretically possible provided that the number of scans is greater
or equal to the number of elements in the matrix, to resolve the
proportion of the total attenuation due to each element in various regions
of the object being scanned, and hence to determine distributions of individual
elements.
If a system was developed, based on the above principles, continuous 
elemental distributions (only limited by the size of the picture elements 
used) could be obtained for any number of transverse sections through an 
unprepared log, or even a living tree. The limiting sensitivity of this 
analytical technique is the amount of any particular element that can be 
introduced into the matrix, which results in the minimum measurable change 
of attenuation. If an arbitary value for the smallest measurable change of 
attenuation is taken to be 1%, then the quantity of each of several elements 
of botanical and environmental interest that are required to produce this 
change in a simulated botanical matrix are listed in Table 7.1 (8'5). The 
matrix used for these calculations consisted of hydrogen (jS.8%), carbon (47.4%), 
nitrogen (1.6%) and oxygen (44.2%) (88). The quantities in Table 7.1 were 
calculated using the X-ray energies shown, which are about the values that 
would produce the best response for a particular element.
The values listed in Table 7.1 were found to be similar to values 
for another botanical matrix and for water (85). If they can also be assumed 
to be similar for a typical tree matrix, then the sensitivity of the 
analytical technique for dendroanalysis work can be estimated by comparing 
the values in Table 7.1 with the differences between the maximum and minimum 
elemental concentrations that have been measured for example, in oak 
heartwood (see Table 3.1). Such a comparison shows that only four elements 
(sulphur, potassium, cadmium and barium) possess a significant change in 
concentration across the sample, that would be measurable in this form of
analysis. However if a 0.1% change in mass attenuation coefficient was
detectable, the above list of elements could be extended to six, with the 
addition of calcium and antimony.
The smallest detectable change in X-ray attenuation adopted for these 
calculations are purely arbitary and real experimental values will depend 
on counting statistics. As the size of the radiation dose that can be 
received by inanimate obj ects can be very much larger than that for living 
subjects it seems quite possible that the CAT X-ray scanner could be 
developed to analyse wooden artefacts for a number of trace elements; the 
Extension of this technique to human patients would, however, be limited by 
the permitted total dose of radiation.
A practical* system for CAT X-ray scanner elemental analysis would 
require either a variable energy X-ray tube, or a source producing X- or 
y-ray s at several discreet energies. If the detector and ancillary 
counting equipment used in such a machine was capable of resolving the 
components of a multi-energy source then the output could be accumulated 
as a series of X or y-ray spectra. These detector output signals would then 
be manipulated by a computer in a similar way to the process performed in a 
normal CAT scanner, to produce a series of X-ray tomographs each constructed 
from the data concerned with a particular energy peak in the spectra. The 
series of tomographs could then be manipulated by computer to extract the 
elemental information.
An easily available alternative to the variable energy."X-ray tube is a 
radioactive source emitting several characteristic mono energetic gamma-rays, 
such as radium. However the sensitivity of this proposed analytical technique 
decreases rapidly as the energy of the incident photons increases,, since at 
higher energies the Compton interaction becomes relatively more important 
as the photo-electric cross-section falls and the attenuation depends on Z 
to a much lesser extent. Therefore the use of high energy gamma-rays for 
this application is not practical. Calculations have shown (85) that for a 
trace element, in the simulated botanical matrix described earlier in this 
section, to produce the same attenuation change for 200 keV incident photons,
as that for 50 keV incident photons, its concentration would have to be 
increased by 1-2 orders of magnitude, depending on its atomic number.
In principle, therefore, the use of specially adapted CAT X-ray scanners 
could prove useful for the analysis of specific elements in wood, and hence 
such machines could have a direct application in dendroanalysis studies.
However, due to the large amount of work and money that would be required 
to fully develop such a system, this application of X-ray imaging has not 
been pursued further in this present study.
7.9 Soil Analysis
The last section of this chapter contains details of some analyses 
(by standard NAA techniques) of soil, the medium from which many of.the 
mineral .nutrients observed in wood samples originates.
Buried in the soil surrounding a tree is its root system, one of the 
two main routes of entry through which material from the environment is 
taken into a tree (see section 1.5), as it is via the roots that water and mineral 
nutrients dissolved in the soil water, are taken into the transpiration stream. 
Because of this the availability of the mineral nutrients in the soil might 
be reflected in a subsequent elemental analysis of the tree. If such a 
connection is observed and sufficient elemental differences occurred between 
soil and trees of different geographical areas, this might form the basis 
of a method of identifying the place of origin of wooden objects (see 
section 1.1).
in order to investigate any connections between elemental concentrations
in the tree and those in the surrounding soil, a trial study was performed
on soil samples taken from around the site of GEI. Four 500 mm deep soil
cores were taken at a distance of 1 m from the tree, and each of these was
divided into four 125 mm long samples. These were then freeze dried and
2sieved through a 1 mm mesh to remove stones, grass and foreign bodies. The 
prepared samples were then irradiated under similar conditions to those 
previously described for the wood samples (see section 2.3), with the
exception that a waiting time of 15 minutes was used in order to allow
some of the induced activity in the soils, which was much greater than that
28observed in wood samples of the same mass, due mainly to the A1 signal, 
to partially die away. No obvious systematic variations in composition were 
noted between the results of the individual soil samples. The combined 
results of their elemental content are given in Table 7.2, where they are 
conpared with the analysis of GEI. From these figures it can be seen that the 
only element which is present in detectable quantities in both soil and wood 
sanples, and is actually present in GEI in greater concentrations than in the 
soil, is chlorine in the sapwood. However, no clear trends concerning patterns 
of elemental uptake by the tree, are apparent from the results shown in 
Table 7.2. Soil sanples were not available from the sites of the Stoke-on- 
Trent trees for comparison with the GEI results.
A more suitable form of soil analysis, instead of measuring “the- total - 
quantities of the elements present, would be the determination of those 
elements that were present in the soil in a chemical form suitable for uptake 
by the tree. Many chemical extraction techniques have.been designed to measure 
such quantities, but after performing all the various types of analysis on 
soil sanples the results produced would only show what is available for 
uptake by a tree, and not what actually would be taken into a treefs 
system. Loneragan (89) makes the point *. . . that plants are the final arbiter 
of the amount of nutrient they absorb*.
The interaction between trees and soils is obviously of great 
importance in any attempt to determine the origin of the elements present 
in wood, but after only a brief initial study it became clear that the 
relationship was extremely complex and attempts at a detailed analysis of 
this relationship was therefore considered to be beyond the scope of the 
present project, and that it could form the basis of another Ph.D. research 
study in its own right.
In this chapter a variety of forms of analysis have been discussed and 
an evaluation of their usefulness to dendroanalysis attempted. From this it
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can be seen that for a number of specific applications there is scope 
for extending the results that have been obtained in the major part of 
this study, and these and other possibilities for future work in the field 
of dendroanalysis are further discussed in section 8.2.
CHAPTER 8
DISCUSSION OF RESULTS, CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK IN
DENDROANALYSIS
8.1 Discussion of Results and Conclusions
Chapters 3, 4, 5 and 6 contain some of the 500 radial and 
angular elemental distributions that were measured during these studies. 
for a total of 13 elm tree sections, together with results for core 
samples from one elm tree and one oak. tree. The results of the elemen­
tal analysis of these sections and cores, which were used to produce 
these graphs were obtained by irradiating 1,412 individual wood
i •
samples which had been cut from single growth rings. Most of the 
analytical results that were obtained are summarised in Tables 3.1,
4/1 and 5.1, and in Appendix 2.
Interpretations of some of the botanical mechanisms which might 
have caused the various elemental distributions that were observed 
have been attempted in the sections to which the results relate.
Because this type of detailed information about the elemental 
concentration in tree rings has not previously been available to 
tree physiologists, there is little published work that can be 
directly interpreted to explain the observed results. Hence where 
interpretations of results are given, in most cases these are 
hypotheses based solely on the author’s limited knowledge of tree 
physiology.
It might be of interest to reconsider the original objectives 
of this study in view of the results that have been obtained. As 
stated in section 1.3, very little information was available from 
the literature to enable point (1) (section 1.2) to be answered. It 
was obvious from the results obtained in the elemental analysis of'the
original Guildford elm (GEI) and the other sections and cores, that 
there were naturally occuring differences in concentration for 
several elements between specific areas of the xylem; most notably 
between the sapwood and heartwood areas in transverse tree sections, 
but also between the outer two or three sapwood rings and the rest 
of the sapwood. Thus many elements that occur naturally in wood due 
to their essential biochemical role, do not exhibit one single charac­
teristic value for concentration across a radius of a tree section but 
at least three.
From the results of a vertical analysis of a tree, like those 
reported for GE2 (see chapter 4), and the ones described in the 
literature (21, 22), variations in some elemental concentrations 
have been shown to exist along the length of a tree trunk as well as 
around it (see chapters 3, 4 and 5). Because of this the naturally 
occuring levels of essential elements that might be expected in a 
tree depend very much on which part of the tree is sampled.
The comparison of the GEI results with those of the four Stoke- 
on-Trent elms (see chapter 5), also shows that distinct variations in 
the concentration patterns of several essential elements exist between 
trees from different geographical locations. These elemental 
differences might be due to many factors such as differences between 
sub-species, type of soil, atmospheric environment, etc., but coupled 
with the variations described above they show that it is not possible, to say 
from the results reported here and in the literature, exactly what levels 
of essential elements would be expected to be naturally present in any given 
tree, except in terms of very generalised orders of magnitude. Thus small 
changes in the levels of the essential elements in a tree, brought about 
by any external environmental factors, might go undetected in a 
subsequent analysis.
The biochemical mechanisms within a tree that produce the
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distinct changes in concentration across the sapwood/heartwood boundary 
that are observed for many elements, means, for the reasons outlined 
in section 3.4, that the usefulness of these particular elements in 
dendroanalysis studies as direct indicators of the environmental conditions 
at the time of ring formation, ceases at the sapwood/heartwood boundary.
In section 3.4 it was suggested that where heartwood elemental con­
centrations were greater than those measured in the sapwood, the 
difference might have been due to a dumping of waste and toxic 
materials in the heartwood. The fact that such a mechanism exists
within a tree (as postulated by Stewart (33) ) is strongly supported 
14by the C analyses reported by Cain and Suess (82) (see section 7.7).
The transportation of the waste and toxic substances towards the centre 
of the tree, probably by the movement of sap through the ray cells, 
does not however explain the mechanism within a tree which is 
responsible for the extraction of measurable quantities of several 
minor and trace elements from tree rings as they turn from sapwood 
into heartwood, in order to produce consistently higher levels of 
concentration in the sapwood for some elements. One possible explana­
tion, but for which the author has no direct evidence, is that the 
cross-ring translocation of the waste and toxic materials is based 
on the movement of these substances across the tree in an ionic form.
At the sapwood/heartwood boundary the dumping of the waste and toxic 
ions is brought about by ion exchanges between the waste ions and 
those of some of the essential elements which have shown high 
sapwood levels. The displaced mineral nutrient ions (from the growth ring 
which now contains. waste material) would then be translocated back 
into the sapwood thus producing a higher level of the displaced 
element across the whole sapwood if there is a two way flow of sap. if 
however, the cross ring movement of sap containing the waste and toxic
materials is the only radial direction in which the sap flows, then 
a peak in the concentration of the displaced mineral nutrient ions 
could be expected at the sapwood/heartwood boundary; peaks have been 
observed in this region of the xylem in the results for chlorine from 
most sections and for magnesium in the GE2 sections.
Another possible explanation for the relatively higher sapwood 
concentrations of some elements would be a depletion of the heartwood 
levels by a flow of mineral nutrients down through the heartwood 
region of the trunk. However in the literature the heartwood is 
described as totally dead and if such flows occur they must be confined 
to a short period just before the biochemical functions cease.
In the elemental analysis of a wood sample it is not obvious if 
the trace and minor elements that are detected, are incorporated in 
the cell structure of the wood, or are simply present in any sap that 
is in the sample. From the results obtained in this study, it would 
seem that mineral nutrients are present in sapwood samples in both 
these forms. The much larger mineral nutrient content observed in 
the outer sapwood rings of all the sections sampled during this study, 
is probably due to mineral elements present in the sap content of these 
rings, as the high elemental concentrations of the outer two rings is 
obviously easily extractable as such high levels do not persist in 
older growth rings. The likelihood that certain mineral nutrients are 
incorporated in the structure of wood cells is indicated by the angular 
distribution of some Elements around sapwood rings (see chapters 3 
and 5). All tree rings at some time have been the outer-most sapwood 
ring, through which the water and mineral nutrients of the transpiration 
stream have passed, but as the measured levels of the trace and minor 
elements around an individual sapwood ring do not all drop to a common 
value (once that ring ceases to contain the high mineral nutrient 
content of the transpiration stream) this suggests that the residual
elemental concentration is bound to the cells and that this
exists independently of the elemental content of the sap and hence
was not effected by the removal of the sap stream.
A number of elements have been detected in samples analysed 
in this study that might be indicative of environmental pollution 
effects (see point (2) section 1.2). One of the elements detected 
in several of the samples from the Stoke-on-Trent elms was sulphur. 
This is an element associated with the combustion of fossil fuels, 
however it is also an essential biological element and the higher 
average sapwood values relative to the heartwood in the Stoke-on- 
Trent elms indicate that it is mobilised at the sapwood/heartwood 
boundary. A more sensitive analytical technique for sulphur than NAA 
might therefore be used to monitor sulphur levels in sapwood rings, 
however these values would also contain the naturally occurihg levels 
of sulphur which would have to be allowed for in any interpretation 
of the results in terms of levels of fossil fuel combusion.
From Stewarts hypothesis of heartwood formation (33), it would 
seem likely that any elements taken into a tree’s system from its 
environment, and which are surplus to its needs or are toxic, are 
translocated to the heartwood directly from the outermost ring.
Thus elements indicative of environmental pollution and that are 
also toxic to trees, provide only limited chronological information 
about environmental conditions unless it could be assumed that one , 
complete ring of heartwood is formed every year, and also that the 
quantities of toxic materials dumped in that ring during the year 
are indicative of the levels absorbed into the trees system during 
that time (see section 3.5). If this assumption can be considered to 
be approximately true, then chronological information would be 
available about the levels of the toxic elements in the trees environ­
ment but with a time difference equal to the number of sapwood 
rings in the tree. There appears to be no evidence in the available 
literature to show conclusively that the rate of heartwood formation 
is the same as the rate of growth ring formation, but one method 
that might be used to monitor both these function would be the repeated 
use, over a period of several years, of a field version of a CAT X- 
ray scanner (see section 7.8) to produce pictures of the internal 
structure of a living tree.
The concentrations of two toxic elements that appear to follow 
the mechanism of disposal outlined above are those of cadmium and 
antimony in the Guildford oak core described in section 3.5. The 
radial distribution patterns of the three rare earths elements, 
europium, samarium and dysprosium, in the Blurton Road elm from 
Stoke-on-Trent, are reported in section 5.2.4, and are similar to 
those observed for cadmium and antimony in the oak core (i.e. only 
detected in measurable quantities in the heartwood), although the 
rare earths are considered as either scarcely toxic or only slightly 
toxic to plants (30). The distributions of these elements therefore 
appears to provide proof that elements of environmental interest, 
that are taken into a tree’s system and which are even slightly toxic, 
will provide no direct chronological information. Because of this the 
only elements that can be directly useful in dendroanalysis studies of 
past environments, in addition to being of environmental interest, 
must also be capable of being taken into the tree’s system, and be 
elements'that are not metabolised in tree growth and are not toxic 
to plants.
Only one element, detected in the various elemental analyses 
performed during the course of this project, appeared to fulfill all 
the above conditions; this was germanium, which was only present in
the analysis of one tree, the Tunstall Park elm (see section 5.2.1), 
in quantities above its detection limit.
From the forgoing discussion it would seem that the usefulness 
of dendroanalysis as a direct indicator of past environments, 
for the elements it has been possible to study with NAA, is very 
limited. However the results reported in chapters 3-6 have produced 
much data about the trace and minor element distributions in trees 
that could be af use in advancing knowledge about tree physiology, 
especially with respect to the mechanisms within a tree that are 
responsible for the various translocations processes that must occur 
to produce the results observed in this work. Also the results of 
the analysis of quickly sampled cores (chapter 3) shows that much of 
the future work in the field of dendroanalysis could be performed on 
dried transverse tree sections, without large discrepancies arising 
between the measured elemental distributions and those that actually 
exist in the tree.
The work reported in chapters 4 and 6 should prove of interest to 
tree pathologists and might indicate new directions for research into 
the problems of ’Dutch’ elm disease and the secondary infection, wet 
wood. It has not been possible to monitor the ring by ring variations 
of all elements that might have been of interest in a study of this 
type, but other possible methods for determining the behaviour of 
these elements in trees are outlined in chapter 7. Also in that chapter 
the possible use of a micro-focussed beam in a PIXE system for monitoring 
elemental variations not only within a single growth ring but on a 
cellular level, is discussed and such a system offers a new and exciting 
direction for future dendroanalysis research.
8.2 Future Work in Deridroanalysis
Some experiments that could be performed te further evaluate
the usefulness of dendroanalysis for environmental monitoring have 
already been mentioned in previous chapters. These have included the 
determination of a number of elements whose concentrations have not 
been measured, or determined accurately in the present study which 
used NAA as the main analytical technique. These elements would 
require specialised analytical methods which will inevitably require 
longer sample preparation and/or experimental times per element than NAA; 
but a ring by ring analysis across a tree, of a number of elements 
including fluorine, sulphur, arsenic and lead (for example) could 
provide valuable information about the uptake by trees of a number of 
environmental pollutants which it has not been possible to study in 
this project.
The various^interactions that take place between a tree and its 
surrounding environment are complex, as was demonstrated by attempts 
to correlate the elemental contents of soil and wood (see section 7.9)• 
Obviously a detailed understanding of the relationships between the 
tree, its surrounding soil and the environment are of great importance 
in any interpretation of the elemental content of wood; and thus a 
profitable extension of the present work might be the analysis of 
trees grown under controlled conditions. Such an experiment might 
consist of a stand of trees in a specific area, and over a given 
period of time soil samples and tree samples could be taken for 
analysis and correlated with various environmental parameters (such 
as temperature, rainfall, wind direction and air-borne particulates), 
which would all be monitored in the near vicinity of the trees . If 
this study was continued for a sufficiently long period of time, 
seasonal variations in the amount of sap and its nutrient content 
could also be monitored. At the end of this study, the trees could 
be felled and transverse sections analysed for comparison with the 
borer results obtained during the course of the experiment (see section
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3.5).
From the analysis of the Tunstall Cemetry elm (see section 5.2.2), 
it seems that pollution effects can result in stunted growth and low 
levels of essential elements. Dendroanalysis could be used to monitor 
elemental levels in a controlled experiment which would attempt to 
determine the precise relationship between the suppression of elemental 
concentrations and pollution levels. In a similar way the relationship 
between controlled quantities of ethylene and the mineral content of 
plants could provide new information about the relation between plant 
hormones (see section 5.4), and the ways in which they control mineral 
nutrient levels in trees.
A further use of dendroanalysis might be the positive identifi­
cation of 'Dutch* elm diseased areas in elms (see chapter 6).
Further work would be required to analyse samples of all other known 
elm diseases in order to determine if the pattern of elemental con­
centrations observed in 'Dutah* elm diseased samples is unique to 
that disease. Also, the useful disease related information obtained 
from the three-dimensional analysis of GE2 (see chapter 4), could be 
supplemented by a similarly detailed analysis of a tree which has not 
been affected by a secondary infection.
Dendroanalysis can obviously be used for a variety of purposes 
to further understanding of tree physiology, for example, a study of 
the distribution of argon in wood (see chapters 3 and 4) provides 
information about the quantities of trapped air in the cells of wood 
samples, and in some cases is also related to the density of the 
samples.
A comparison of the elemental content of wood with its mechanical 
properties might provide information about!the best uses (i.e. structural 
timber, paper pulp, etc.) to which a tree might be put. The elemental
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differences in concentration between sapwood and heartwood have been 
demonstrated in all the trees analysed in this project. Sapwood, 
due to its inferior mechanical properties is often removed from 
timber used for building purposes. The reason for its different 
behaviour for this particular application, compared to heartwood, 
might in part be due to elemental differences between the two areas 
of the xylem, and if this is so the development of an artificial method 
of accelerating heartwood formation'by altering .the elemental concen­
trations in the sapwood, might provide more useful timber from a 
single tree than is at present obtained.
From the results discussed in section 8.1, a tree in a polluted 
area might well contain much higher levels of waste and toxic materials 
in its heartwood than a tree grown elsewhere. The investigation of the 
differences in mechanical properties of the heartwood of two such 
trees, might also provide information about the best use for such wood.
Although the interpretation of dendroanalysis results in terms 
of atmospheric pollution levels has proved much more difficult than 
originally, envisaged, a specific application of dendroanalysis in 
which pollution trends might be more easily discernable would be the 
analysis of waterside trees, especially those situated on the banks 
of rivers into which the effluent from heavy industrial plants is 
discharged.
The variety of analytical techniques described in chapter 
7 obviously have a number of specific applications in the study of 
dendroanalysis, most of which are outlined in the relevant sections.
The development of a CAT X-ray scanner for the rapid production of 
dendrochronology curves non-invasively, would be a boon for that 
science. The application of this type of machine in other fields of 
study provides various exciting possible uses for CAT X-ray techniques;
such as the internal examination of rare museum objects, through 
to the examination of civil and mechanical engineering structures.
The development of an analytical method for inanimate objects based 
on CAT X-ray scanner principles, if successful, would also have 
numerous possible applications,only one of which would be the analysis 
of standing trees.
Finally, another potentially useful application of dendroanalysis 
is its use in the field of _■ geological prospecting ('geodendro- 
analysis'). Warren et al (19) has shown that Douglas Fir can take 
into its system greater quantities of arsenic than other trees in 
the same area; and as a high arsenic level in soil is a known indi­
cator of deposits of gold, silver and some base metals, Warren et al 
suggested that the analysis of the enhanced arsenic content of Douglas 
Fir could provide an alternative method for prospecting. As Douglas 
Fir is a conifer, it possesses diffuse-porous structure (see section 
1.5) and hence probably would not exhibit any elemental variations 
around a sapwood ring (see section 3.3 and 3.4). If ring-porous 
structure trees (which do exhibit around ring variations for certain 
elements) could be found that exhibited a similar affinity for arsenic, 
a directional effect might be detected in the results of the arsenic 
analysis around an individual sapwood ring. If this was the case, 
a simple extrapolation of these results from two trees could be used 
to pin-poin^. a mineral bearing deposit.
In conclusion, the various results reported in this thesis have 
shown that the behaviour of the trace and minor elements in tree 
growth rings is more complex than.had previously been supposed and 
that further work is required for a fuller understanding of the 
mechanisms involved before the interpretation of elemental concentra­
tions in tree rings, in terms of pollution levels, can be attempted.
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APPENDIX 1
The Phosphorus Interference in the Measurement of Aluminium Concentrations
by NAA
Phosphorus is one of the essential macro-elements that are required
for plant growth (28, 29). It is not however one of the elements whose
concentration can be determined in a matrix by measuring the gamma-ray
activity of a sample following thermal neutron capture. This is because
32the phosphorus isotope which is produced P, is a pure beta emitter.
If a sample containing phosphorus is subjected to bombardment with
31 28!fast' neutrons, the following reaction can occur P (n, a) AJt,
enabling phosphorus concentrations to be determined by the measurement
28of the activity of the 1778.9 keV gamma-rays characteristic of Ait.
But because of this reaction when a sample which might contain both
elements, is irradiated in a mixed flux consisting of both fast and
thermal neutrons, the resulting activity due to 1778.9 keV gamma-rays
is a function of the concentration of both elements. Thus in the gamma-
ray spectra produced by the irradiation of wood samples in the I.C.I.S.
facility at ULRC (see section 2.3) it has not been possible to convert
the peak area due to the 1778.9 keV gamma-rays into aluminium or
phosphorus concentrations.
The determination of the concentration of one of these two
elements by NAA, and hence the other by the subtraction of its component 
28from the mixed Ait result, would require a second irradiation of,each
sample. By performing another irradiation in a pure thermal flux the
28aluminium content of the sample would only produce the Ait
gamma-rays, or conversely if a pure'fast* flux was used, only the
phosphorus component of the matrix would be activated (The threshold .
31 28energy of neutrons for the P (n, a) Ait reaction is 2.01 MeV).
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Due to the large numbers of samples analysed for this project 
in order to produce a comprehensive survey of results, insufficient 
time was available to perform a second analysis of every sample in 
order to independantly determine either the aluminium or the phosphorus 
content.
Values for the concentration of both phosphorus and aluminium
are quoted for the standard botanical material Bowens Kale (39). By
using these values and the mass calibration factor for the aluminium
thermal neutron reaction (as generated by IDENTIFY, see section 2.4)
the author has been able to determine the relative contribution of
28each element to the A Z photo-peak area in a gamma-Tay spectrum
produced by a sample of the Kale activated in the I.C.I.S. flux.
These computations showed the phosphorus content of the material
28produced about 30% of the A Z photons emitted from the activated
sample. Also it was possible to determine that if equal quantities of
the two elements had been present, 380 photons would be emitted by
the aluminium in the sample for every one emitted by the phosphorus,
but as the average phosphorus content of Kale is about 118 times that
28of the aluminium, a sizeable proportion of the AJi response is due to
the fast reaction with phosphorus.
£  ::
The above calculations also enabled a value for the mass
calibration factor for phosphorus, in relation to samples irradiated
in the I.C.I.S. flux, to be evaluated. The phosphorus content of
NBS Orchard leaves is quoted as 0.21% by weight (5’1), but no value
is given for the aluminium content. Using the mass calibration factors
for aluminium and phosphorus it was possible, from the results obtained
by irradiating Orchard leaves in the I.C.I.S. flux, to evaluate the
aluminium content as being about 280 yg/g, and hence the proportion of 
28counts in the A Z peak due to phosphorus was only about 2%. Unfortunately
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there is a large degree of uncertainty in these values because of the 
range of quoted aluminium concentrations in Bowen*s Kale, an average 
value of 38.2 yg/g obtained from a range of values of 6.4 - 88.4 yg/g. 
This in turn gives rise to a range of values for the mass calibration 
factor for phosphorus of 73.5 (19.8 - , which was used to calculate
the concentration of aluminium in Orchard leaves.
28There is also a third reaction which can contribute to the Ail
28 28 +signal from an irradiated sample, Si (n, p) A Z , but an allowance
for the silicon contribution can be made when the 1273.3 keV gamma-
29 29rays, characteristic of the reaction Si (n, p) AZ, are also 
detected.
This is also a fast reaction, requiring neutrons with energies in 
excess of 4.00 MeV for it to occur.
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APPENDIX 2
A Summary of Results
Listed against each element (which are ones of interest in
dendrochronology studies) are a summary of the results obtained from
the samples' analysed during the course of this present work (reported
as either average sapwood or average heartwood values for each series
of samples); and for comparison the values obtained by other researchers
who have also analysed wood samples, are also given. Relevant comments
about the toxicity and the essentiality of each element are included
for reference; and the list of elements are in order of atomic number.
All concentrations are quoted on a dry weight basis, and were determined
using the I.C.I.S. irradiation position and irradiation conditions of
t. = 10 minutes, t = 1 minute and t = 10 minutes (see section 2.3), 
i * w c
unless otherwise stated. Detection limits represent the upper limit 
in concentration of an element that could be present in a 50 mg sample 
of wood and still escape detection using the irradiation conditions 
outlined above.
Legend
DL detection limit;
BDL below detection limit;
S/H sapwood/heartwood boundary;
S/H higher average elemental concentration in the sapwood than 
in the heartwood;
S/H higher average elemental concentration in the heartwood than 
in the sapwood;
Bk the’concentration of this element in the standard botanical 
material, Bowen’s Kale.
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Hydrogen (H)
Detected concentrations, this study: not determined.
Detected concentrations, others: in land plants ^5.5% (30) 
Comments: an essential macroelement and a constituent of water. 
Boron (B)
Detected concentrations, this study: not determined.
Detected concentration, others: in land plants 50 p.p.m. (30), 
in wood from seven tree species 0.1-2 p.p.m. (20)
Comments: an essential microelement, moderately toxic to plants 
(30). Bk = 48.3 yg/g.
Carbon (C)
Detected concentrations, this study: not determined*
Detected concentrations, others: in land plants M5% (30) ~ 
Comments: an essential macroelement, CC^ and CO are pollutants 
produced from the burning of fossil fuels.
Nitrogen (N)
Detected concentrations, this study: not determined.
Detected concentrations, others: in land plants ^3% (30), 
in xylem of Pinus Radiata 460 - 510 yg/g (22).
Comments: an essential macroelement. Bk = 43089 yg/g.
Oxygen (0)
Detected concentrations, this study: average oak heartwood value 
^29% but,large errors associated with this value due to the 
short length half-life of (tj = 29 seconds) compared to the 
times used in a 10 minute irradiation (see section 2.3).
Detected concentrations, others: in land plants Ml%(30) 
Comments: an essential macroelement and a constitutent of water 
Bk = 51500 yg/g.
Fluorine (F)
Detected concentrations, this study: not determined.
Detected concentrations, others: in land plants 0.5 - 40 p.p.m.
(30), in Bowens Kale 4.92 (4.2 - 6.2) yg/g (39). Detection 
limit using CNAA is 17.4 yg/g in a 150 mg sample of Bowens Kale (76). 
Comments: a non-essential element, moderately toxic to all 
organisms, measurable quantities of F have been detected in 
smoke (30).
Sodium (Na)
Detected concentrations, this study: highest average value 
204 yg/g in RC heartwood, lowest average value 6.4 yg/g in WA 
heartwood.
Detected concentrations, others: in wood from a walnut tree 104
(53-332) p.p.m. (23), in wood from Ponderosa Pine 31.3 - 143 yg/g
(24), in wood from Shortleaf Pines 5.94 - 77.0 p.p.m. (25), in
wood from five species of. tree BDL - 50 yg/g (26), in air
3
particulates 2.5 (0.5 - 5.2) yg/m (9).
Comments: essential to only certain organisms and plants (28), 
marked changes in concentration observed at the s/h in some 
sections analysed in this study. Bk = 2506 yg/g.
Magnesium (Mg)
Detected concentrations, this study: highest average value 
1550 yg/g in GE1 sapwood, lowest average value BDL of 15 yg/g 
in oak core heartwood and RC heartwood;
Detected concentrations, others: in wood from seven tree species 
70 - 270 p.p.m. (20), in wood from a walnut tree 543 (273-1,770) 
p.p.m. (23), in wood from Shortleaf Pines, BDL - 180 p.p.m. (25). 
Comments: an essential macroelement, marked s7h changes in oak 
core and RC samples in this study, but not in elmsf elevated 
concentrations of magnesium in diseased areas of elms. Bk = 1572 yg/g.
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Aluminium (AlQ
Detected concentrations, this study: not determined.
Detected concentrations, others: in wood from two species of
tree 1.7 - 23.0 p.p.m. (20), in wood from a walnut tree 2.8
(0.4 - 16.0) p.p.m. (23), in wood from Shortleaf Pines BDL - 32
p.p.m. (25), in wood from five species of tree 1 - 2 5  yg/g (26),
3in air particulate 4.0 (0.1 - 9.2) yg/m (9).
Comments: a non essential element, moderately toxic to most
plants (30), not possible to determine by NAA using a mixed
flux (Appendix 1). Bk = 38.2 yg/g.
Silicon (Si)
Detected concentrations, this study: only present above the DL 
of 23 mg/g in six sapwood samples of TC, whose average value was 
of the order of 100- mg/g.
Detected concentration, others: in land plants 120 - 6000 p.p.m. (30) 
Comments: a non essential element, produces an interfering reaction 
for aluminium and phosphorus determinations by NAA (Appendix 1).
Bk = 237 yg/g.
Phosphorus (P)
Detected concentrations, this study: not determined 
Detected concentrations, others: in wood of Pinus Radiata 30 - 100 
p.p.m. (22), in wood of five species of tree 30 - 150 p.p.m. (20). 
Comments: an essential macroelement, not possible to determine 
by NAA using a mixed flux (Appendix 1). Bk = 4489 yg/g.
Sulphur (S)
Detected concentrations, this study: highest average value 2740 
yg/g in sapwood of RC, lowest value BDL of 365 yg/g in sapwood 
and heartwood of GE1.
Detected concentrations, others: in land plants 3400 p.p.m. (30).
Comments: an essential microelement, unsuitable for accurate 
determinations by NAA, high levels of sulphur in Stoke-on-Trent 
elms compared to Guildford elms, results indicate s7h changes in 
concentration. Bk = 15950 yg/g.
Chlorine (CZ)
Detected concentrations, this study: highest average value 
655 yg/g in sapwood of GE2, section 5, lowest value 15 yg/g in 
heartwood of TC.
Detected concentrations, others: in wood from a walnut tree
68 (20 - 330) p.p.m. (23), in wood from Shortleaf Pines BDL - 215
p.p.m. (25), in wood from five species of tree BDL - 150 yg/g
3
(26), in air particulate 5.3 (2.3 - 6.5) yg/m (9).
Comments: an essential micronutrient; in all samples in-this 
study a distinct s/h always observed, and usually accompanied 
with a peak in concentration at S/H. Bk = 3415 yg/g.
Argon (A)
Detected concentrations, this study: highest average value 17 yg/g 
in heartwood of RC, lowest value 1*6 yg/g in heartwood of GE2> section 1. 
Detected concentrations, others: -----
Comments: a non-essential element, the A content of wood samples
is indicative of the trapped air content in the cells of the 
wood, and may be inversely related to wood density.
Potassium (K)
Detected concentrations, this study: highest average value 9000 
yg/g in heartwood of GE1, lowest value is, BDL of 31 yg/g in 
heartwood of RC7i
/
Detected concentrations, others: in the wood of Pinus Radiata
450 - 900 yg/g (22), in seven species of trees 200 - 1230 yg/g (20),
in the wood from a walnut tree 1100 (471-3,470) p.p.m. (23),
in wood from Pondeosa pines 631-3311 yg/g (24), in Shortleaf 
pines 144-1631 p.p.m. (25), in five species of tree 300-4000 
yg/g (26).
Comments: an essential macroelement, distinct S/H changes in 
concentration have been observed but direction of concentration 
change has not been the same in all samples. Bk = 24615 yg/g. 
Calcium (Ca)
Detected concentrations, this study: highest average value 1470 
yg/g in heartwood of GE1, highest individual value 38,100 yg/g 
in diseased are of GEl heartwood, lowest average value 121 yg/g 
in heartwood of RC.
Detected concentrations, others: in wood of Pinus Radiata 
240-360 yg/g (22), in wood from seven tree species 210-1130 yg/g 
(20), in wood from a walnut tree 2,510 (1,420-14,000) p.p.m. (23), 
in wood from Shortleaf Pines BDL ■? 1980 p.p.m. (25) , in wood from 
five species of tree 200-14,000 yg/g (26).
Comments: an essential macroelement, distinct S/H changes in
concentration noted in aLl elm samples in this study, but s/h 
in RC; elevated concentrations in diseased areas of elms.
Bk = 40850 yg/g.
Vanadium (V)
Detected concentrations, this study: highest average value 0.4 yg/g
-2in oak core heartwood, lowest value BDL of 1.7 x 10 yg/g in 
most samples from transverse sections, possible contaminant from 
Pressler borer.
Detected concentrations, others: in Shortleaf Pines BDL - 0.07
3p.p.m. (25), in air particulate 4.21 (0.13-8.56) yg/m (9).
Comments: an essential element for some organisms, moderately 
toxic, has been detected in an analysis of smoke (30), Bk = 0.36 yg/g.
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Manganese (Mn)
Detected concentrations, this study: highest average value 12
yg/g in sapwood of RC, lowest value 0.47 yg/g in sapwood of TC. 
Detected concentrations, others: in wood from seven tree species 
28-145 p.p.m. (20), in wood from a walnut tree 0.32 (BDL - 1.4) 
p.p.m. (23), in wood from Ponderosa Pines 0.97 - 1.55 yg/g (24), 
in wood from Shortleaf Pines 21.7 - 136 p.p.m. (25), in wood from 
five species of tree 1 - 2 5  yg/g (26), in air particulates 0.033 
(0.009-0.054) yg/m3 (9).
Comments: an essential microelement, can be moderately toxic (30), 
distinct S/H change in concentration in RC and oak core only.
Bk = 14.73 yg/g.
Iron (Fe) • ~
Detected concentrations, this study: not determined, DL of 
82 yg/g using the long irradiation conditions described in 
section 7.2.
Detected concentrations, others: in wood from seven species of 
tree 6^ -14 p.p.m. (20), in wood from Ponderosa Pines 5.2 - 52.2 
yg/g (24), in wood from Shortleaf Pines BDL - 38 p.p.m. (25), in 
wood from five species of tree BDL-50 yg/g (26).
Comments: an essential microelement, unsuited to rapid analysis 
using routine NAA techniques. Bk = 118.3 yg/g.
Cobalt (Co)
Detected concentrations, this study: not determined, DL of 0.2 yg/g 
using the long irradiation conditions described in section 7.2. 
Detected concentrations, others: in wood from Ponderosa trees 
0.019-0.067 yg/g (24), in Shortleaf Pines BDL-0.3 (25), in 
wood from five species of tree BDL-0.5 (26).
Comments: an essential element for some organisms, very toxic (30). 
Bk = 0.0581 yg/g.
Nickel (Ni)
Detected concentrations, this study: not determined, DL of 71 yg/g. 
Detected concentrations, others: in land plants 3 p.p.m. (30). 
Comments: a non-essential element, can be a pollutant in smoke 
and other wastes, very toxic to plants (30). Bk = <0.2 yg/g.
Copper (Cu)
Detected concentrations, this study: highest average value 6.4 
yg/g in sapwood of oak core, lowest value BDL of 1.1 yg/g in 
several samples.
Detected concentrations, others: in wood from seven species of 
tree 4.1 - 17.1 p.p.m. (20), in wood from five species of tree 
BDL - 10 yg/g (26).
Comments: an essential microelement, can be a component of 
industrial smoke (30). Bk = 4.99 yg/g.
Zinc (Zn)
Detected concentrations, this study: not determined, DL of 895
yg/g-
Detected concentrations, others: in wood from seven species of 
trees 2-29 p.p.m. (20), in wood from Ponderosa Pines 37.7 - 109.3 
yg/g (24), in wood from Shortleaf Pines BDL - 9.7 p.p.m. (25), in 
wood from five species of tree 1-10 yg/g (26).
Comments: an essential microelement but can be moderately toxic 
to plants, zinc in industrial smoke may cause lung disease (30).
Bk = 33.2 yg/g.
Germanium (Ge)
Detected concentrations, this study: only detected in TP elm,
9-4 yg/g average measured sapwood concentrations and 4.3 yg/g 
average heartwood value. All other samples below DL of 2.0 yg/g. 
Detected concentrations, others: in coal 25-3,000 p.p.m. (30).
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Comments: a non-essential element, scarcely toxic (30), the 
results obtained in this study indicate that Ge is not mobilised 
in the tree and that it might be used in dendroanalysis study as 
a chronological indicator of coal combustion levels.
Arsenic (As)
Detected concentrations, this study: 0.08 - 0.22 yg/g in sapwood 
samples of TP and BR, and 0.16 - 0.20 yg/g in heartwood samples 
of TP and BR. DL of 0.05 yg/g using the long irradiation 
conditions (see section 7.2).
Detected concentrations, others: in wood from five species of 
tree 0.05 - 5 yg/g (26), in land plants 0.2 p.p.m. (30).
Comments: a non-essential element that has been present as a 
pollutant in some areas as a result of mining ana combustion 
of coal, moderately toxic to plants (30), insufficient number 
of samples analysed to determine if arsenic is mobilised in 
elm trees. Bk = 0.141 yg/g.
Bromine (Br)
Detected concentrations, this study: highest average value 2.4 
yg/g in sapwood of sections 5 in GE2, lowest value BDL of 0.13 
yg/g in a number of samples.
Detected concentrations, others: in wood from a walnut tree 0.41
(BDL-1.4) p.p.m. (23), in Shortleaf Pines BDL - 0.3 p.p.m. (25),
’ 3
in air particulates 0.18 (0.06-0.31) yg/m (9).
Comments: a non-essential element, distinct S/H changes in
concentration observed for several samples in this study*
Bk = 26.1 yg/g.
Rubidium (Rb)
Detected concentrations, this study: highest average value 9.9
yg/g in sapwood of WA, lowest Value BDL of 1.7 yg/g in several samples.
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Detected concentrations, others: in wood from Ponderosa Pines 
0.06 - 0.92 yg/g (24), in the wood of Shortleaf Pines BDL - 0.9 
p.p.m. (25), in wood from five species of tree 0.1 - 2 yg/g (26), 
in land plants 20 p.p.m. (30).
Comments: a non-essential element; in NAA studies which measure
Rb concentrations using the 555.8 keV gamma-rays emitted by the 
86mdecay of Rb there is a possible complication due to the
82554.3 keV gamma-rays associated with the decay of Br, this
can be allowed for by determining the bromine content of the
80
sample using the 617.0 keV gammarays of Br. Bk = 52.2 (49-57) 
yg/g.
Molybdenum (Mo)
Detected concentration, this study: not determined, DL of 3.8
yg/g.
Detected concentrations, others: in the wood of seven tree 
species 0.3 - 0.9 p.p.m. (20), land plants 0.9 p.p.m. (30).
Comments: an essential microelement, Mo in industrial smoke may 
be linked with lung diseases, Mo is moderately toxic. Bk = 2.28 yg/g. 
Cadmium (Cd)
Detected concentrations, this study: highest average value 26.7 
yg/g in the heartwood of oak core, lowest value BDL of 3.2 
yg/g in sapwood of oak core and all other samples.
Detected concentrations, others: in land plants 0.6 p.p.m. (30) 
Comments: a non-essential element, a very marked S/H change in 
concentration in oak core analysed in this study, Cd is a fresh­
water pollutant and is moderately toxic to all organisms.
Bk = 0.80 yg/g.
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Indium (In)
Detected concentrations, this study: highest average value 
-38 x 10 yg/g in heartwood of oak core, lowest value BDL of
_3
2.5 x 10 yg/g in all transverse section samples, possible 
contaminant from Pressler borer.
Detected concentrations, others: in land animals 0.016 p.p.m. (30), 
in air 0.05 (0.02-0.11) x 10  ^ yg/m^ (9).
Comments: a non-essential element, slightly toxic to plants (30).
Bk = <0.3 yg/g.
Antimony (Sb)
Detected concentrations, this study: highest average value 19.5
yg/g in some heartwood samples in the oak core, lowest value 
BDL of 6.2 yg/g in sapwood samples of the oak core and all other 
samples. DL using the long irradiation conditions was 0.02 yg/g. 
Detected concentrations, others: in wood from Ponderosa Pines 
0.0023-0.011 yg/g (24), in wood from five species of trees 
BDL - 0.2 yg.g (26).
Comments: a non-essential element, Sb in industrial smoke may 
cause lung disease, Sb is moderately toxic to all organisms (30), 
a very marked S/H change in concentration in the oak core 
studied. Bk = 0.0689 yg/g.
Iodine (I)
Detected concentrations, this study: highest average value 3.1 yg/g
" -2  'in sapwood of GE1, lowest value BDL of 9.5 x 10 yg/g in many 
samples.
Detected concentrations, others: in the wood of a walnut tree 
0.19 (BDL- 0.72) p.p.m. (23).
Comments: a non-essential element, its observed distribution in
this study appear to be independant of the position of the S/H,
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marked angular variations of I have also been detected.
Bk = 0.063-0.27 yg/g.
Barium (Ba)
Detected concentrations, this study: highest average value 68 
yg/g in the heartwood of oak core, lowest value BDL in many 
samples; DL in GE1 2.2 yg/g.
Detected concentrations, others: in the wood from a walnut
tree 30 (BDL-160) p.p.m. (23), in wood from Shortleaf Pines 2-14.2
p.p.m. (25).
Comments: a non-essential element, mostly undetected in the 
elms used in this study, but present in elevated levels in 
diseased areas, moderately toxic to plants (30). Bk = 4.55 yg/g. 
Samarium (Sm)
Detected concentrations, this study: only present in measurable 
quantities in a few heartwood samples from TC, and a number of 
heartwood samples from BR whose average value was 0.05 yg/g.
DL of 0.02 yg/g.
Detected concentrations, others: in land plants 0.0055 p.p.m. 
Comments: a non-essential element, slightly toxic to plants (30). 
Bk = 0.022-0.16 yg/g.
Europium'(Eu)
Detected concentrations, this study: only present in measurable 
quantities in a few heartwood samples from TC, and a number of 
heartwood samples from Ponderosa Pines whose average value was 
0.006 yg/g. DL of 5 x 10  ^yg/g.
Detected concentrations, others: in land plants 0.021 p.p.m. (30). 
Comments: a non-essential element, scarcely toxic. Bk = 0.0060- 
0.012 yg/g/
Dysprosium (Dy)
Detected concentrations, this study: only present in measurable 
quantities in a few heartwood samples from TC, and a number 
of heartwood samples from BR whose average value was 0.008 yg/g,
DL of 7 x 10“3 yg/g.
Detected concentrations, others: in land plants <0.02 p.p.m. (30). 
Comments: a non-essential element, scarcely toxic. Bk - <0.024 
yg/g.
Lead (Pb)
Detected concentrations, this study: not determined.
Detected concentrations, others: in wood of Black Oak and Short­
leaf Pine 0.5 - 4.4 p.p.m. (13), in wood from a Red Oak 0.14 - 
0.34 p.p.m. (14), in the wood of a Plane tree, situated by a 
road, 78 - 1,429 p.p.m. (17).
Comments: a non-essential element, Pb is a local pollutant of 
rivers near mines, and of roadside verges due to the combustion 
of petrol containing lead tetramethyl, Pb is very toxic to 
most plants (30). Bk = 2.645 yg/g.
TABLE 2.1
A list of the isotopes, methods of production by neutron capture, their half- 
lives and the energies of their characteristic gamma-rays, that were used to 
determine the concentration of the elements of interest in this dendroanalysis 
study.
(s=seconds, m=minutes, h=hours, d=days, y=years)
Production of Main Gamma-ray
Element Isotope Energies CkeV) Half-life
Oxygen 18-, sl9n 0(n,y) 0 197.4 29s
Fluorine 19F(n,y)2°F 1633,1 11s
Sodium 23Na(n,y)24Na 1368.4, 2753.6 15h
Magnesium Mg(n,y) Mg 844.0, 1014.1 *9.45m
Aluminium 27 ( v28 Al(n,y) A1 1778.9 2.31m
Silicon 29Si(n,p)29Al 1273.3 6.56m
Phosphorus 31P(n,a)28Al 1778.9 1 2.31m
Sulphur 36SCn,y)37S 3102.4 5.05m
Chlorine 37Cl(n,y)38Cl 1642.0, 2166.8 37.29m
Argon 40A(n,y)41A 1293.6 110m
Potassium ^ ( n . y ) ^ 1524.7, 312.9 12.52h
Calcium 4-8n , .49n Ca(n,y) Ca 3Q84, 4072 . 8.8m
Vanadium 51„, \52„ V(n,y) V 1434.4 3.76m
Manganese 55Mn(n,y)36Mn 846.9, 1810.7 2.58h
Iron 58- , \59_ Fe(n,y) Fe 1098.6 45.Id
Cobalt 59- ( .60- Co(n,y) Co 1173.1, 1332.4 5.24y
Nickel 64XT., \65xt. NxCn,y) Ni 1481.7 2.56h
Copper 65Cu(n,y)66Cu 1039.0 5 .lm
Zinc 70Zn(n,y)71Zn 910.1 2.2m
Germanium 74Ge(n,y)75mGe 139.8 49s
74Ge(n,y)75Ge 66.0, 264.6 79m
Arsenic 75As(n,yl76As 559.2 26.3h
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TABLE 2.1 CCont.)
Production of Main Gamma-ray
Element Isotope Energies (keV) Half-life
Bromine 79Br(n9Y)80Br 617o0 17.6m
Rubidium 85B bC n,Y )86mRl> 555.8 1.02m
Strontium 86c ( N87m_ Sr(n,y) Sr 388.5 2.84h
Molybdenum 100H o (n ,Y )1 0 1 Mo 192.0, 1012.4 14.6m
Cadmium ^ C d C n .Y ) 1 1 1 " ^ 245.4 48m
Indium 115_ ( vll6m_ In(n,y) in 417.0, 1293.4 54m
Antimony 121 vl220,Sb(n9y) Sb 564.0 2.75d
Iodine . 127T/, n128t I(n 9y) I
£
442.7 25.4m
Barium 138 , xl39 Ba(n9y) Ba 165.8 83m
Samarium 15‘tSm (n5Y )1 5 5 Sm 104.2 21.9m
Europium 15> ( n , Y)152Eu 121.8 9.35h
Dysprosium 16l*Dy(n,Y)165Dy 94.6 2.36h
Lead 206Pb(n,Y)207mPb 570, 1064 0.8s
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TABLE 3.2
Concentration in 1973 ring 
Concentration in 1974 ring
Iodine >3«38
Chlorine 1.65
Bromine 1.61
Potassium 1.03
Sodium _ .94
Magnesium .63
Manganese .51
Strontium .31
Calcium .14
The ratio of the concentrations of nine elements measured in 
the outer two growth rings of GE1.
TABLE 4.1
The average concentration of ten elements measured in the sapwood 
and the heartwood of each of six sections cut from the trunk of an elm tree 
(GE2) that had been situated on the University of Surrey campus. (All 
values are in micrograms per gram).
Sodium Magnesium .
Sapwood Heartwood Sapwood Heartwood
56.3 65.5 761 866
41.5 52.5 770 830
38.3 56.8 773 854
28.8 47.2 840 731
35.7 43.1 - 756 680
51.9 68.0 630 591
Chlorine Argon
. - I
Sapwood Heartwood Sapwood Heartwood
Section 6 378 38.1 4.48 3.67
Section 5 655 52.8 4.00 3.70
Section 4 168 57.0 3.51 2.93
Section 3 183 44.1 3.26 2.40
Section 2 193 74.6 5.82 2.09
Section 1 214 40.0 3.74 1.64
Potassium Calcium
• Sapwood Heartwood Sapwood Heartwoo
Section 6 5,920 5,210 1,120 826
Section 5 5,890 ' 4,000 867 890
Section 4 3,310 4,910 675 883
Section 3 2,690 4,290 1,080 908
Section 2 3,330 3,290 569 854
Section 1 2,510 3,530 508 900
Section 6 
Section 5 
Section 4 
Section 3 
Section 2 
Section 1
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TABLE 4*1 CCont.)
Manganese Bromine
Sapwood Heartwood Sapwood Heartwood
Section 6 1.82 0.64 1.75 <0.16
Section 5 6.32 0.60 2.41 0.44
Section 4 0.64 0.71 0.70 <0.16
Section 3 0.59 0.65 ' 0.93 0.35
Section 2 0.84 0.84 0.83 0.53
Section 1 0.95 0.74 1.14 0.50
Strontium Iodine
Sapwood Heartwood • Sapwood Heartwood
Section 6 "6.41 .6.10 0.57 <0.12
Section 5 4.73 6.48 0.36 <0.12
Section 4 5.27 6.46- 0.79 <0.12
Section 3 . 4.28 6.08 1.44 0.24
Section 2 4.74 5.40 2.10 0.41
Section 1 ‘ 4.13 6.71 2.09 0.46
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TABLE 5.2
Element A B c Bowen*s Kale Orchard
Sodium 799 652 172 2594 82
Magnesium 4050 3600 3200 1600 6200
Chlorine 12100 6650 9200 3330 700
Potassium 9200 10550 14600 24600 14700
Calcium 22800 18650 10800 41400 20900
Vanadium 2.7 1.9 1.6 0.4 1
Manganese. 212 280 140 14.9 91
Bromine 51- _ 32 17 24.3 10
Lead 39 25 18 3.2 45
The elemental analysis of leaves from the trees A, B and C, that 
were growing in Stoke-on-Trent city centre (see section 5.4).
The elemental content of two botanical standard materials, which 
were used to evaluate the composition of the leaves, are shown 
for comparison.
All values are expressed in yg/g of the dried sample.
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TABLE 7.1
Element Energy (keV) r'Vg/g
Sodium 10 3323
Silicon 10 1316
Sulphur 10 844
Calcium 10 430
Chromium 10 273
Copper 15 167
Selenium 15 - 115
Bromine 15 106
Strontium 20 96
Cadmium 30 83
Antimony 40 114
Iodine 40 _ 104
.Barium 40 91
Lead ; 20 70
The change in concentration, for a number of elements of 
•biological and environmental’ interest, which would alter 
the attenuation of X-rays through the H, C, N and 0 matrix 
Cdefined in section 7.3) by 1%. The X-ray energies used 
for these computations are also listed, and these are 
approximately the energies which would produce the best 
sensitivity for each element.
TABLE 7.2
Guildford Elm(GEl) Sapwood Heartwood 
Element Guildford Soil Sapwood Heartwood Soil Soil
Sodium 1930 124 123 0.06 0.06
Magnesium 38100 1550 1260 0.04 0.03
Chlorine 104 155 34 1.49 0.33
Potassium 27500 5080 9000 0.18 0.33
Titanium 12700 BDL BDL
Calcium 6700 975 1470 0.15 0.22
Manganese 361 2.2 1.5 0.006 0.004
Copper BDL 3.0 2.4
Bromine 39 1.1 <0.2 0.03 <0.005
Strontium BDL 12 17 .
Iodine - 16 3.1 1.0 0.19 0.06
Barium 659’ <2.2 <2.2 <0.003 <0.003
A comparison of the elemental content of GE1 and the surrounding soil. 
All values are expressed in pg/g of the dried sample.
(BDL= below detection limit)
Figure 1.1. A transverse section of GE1. The physiology of the different 
areas that can be seen in this tree section are described in 
section 1.5.
Figure
er and mineral
exchange of gases 
between leaves and 
atmosphere
The main parts 
of a tree, and 
the exchanges' 
that can occur 
between these and the 
surrounding environment
absorption of w 
nutrients into the tree from the 
soil, via the root system
translocation of photosynthesis 
roducts from leaves to other 
parts of the tree
the trunk of the tree (which 
is encased in bark making it 
impervious to gas exchanges 
and moisture loss)
surrounding soil 
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loss of moisture from 
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erial part of the tree 
(leaves and branches)
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Figure 1.3.
large 
early wood 
vessels
one ray 
growth 
ring ray
small 
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Figure 1.4.
one
& growth
mb
A simplified drawing x>£ a 
small area of a transverse 
cross-section of European 
Birch, showing the diffuse- 
porous structure of the
A^  simplified drawing of 
a small area of a trans­
verse cross-section of 
Elm, showing the ring- 
porous structure of jthe 
growth rings.
growth rings.
Figure 1.5. A diagramatic interpretation Figure.1*6. 
of the random pathways of 
the vesisels linking the leaves 
with the roots in a diffuse-r 
porous tree.
A diagramatic interpret­
ation of the parallel 
pathways of the vessels 
linking the leaves with 
the roots in a ring- 
porous tree.
- J. II-
Figure 2.1. The boring tool that was specially designed 
for this study to produce wood samples from 
individual tree rings. (See section 2.1)
Figure 2.2. A ’Pressler’ increment borer, used to cut 
cores from standing trees. (See section 
2.2)
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2.5a. A tabulation of possible gamma-ray peaks^  in a typical 
gamma-ray spectrum for a sample of wood. Tests of 
significance and shape are applied tq the possible 
peaks and acceptable peaks are listed in column 
ACCEPTED CHANNELS.
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Figure 3.1. The ring by ring radial distribution of potass- 
ium across GE1, measured in the first series of 
radial samples.
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Figure 3.2. The ring by ring radial distribution of potass­
ium across RC.
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Figure 3.3. The ring by ring radial distribution of chlorine 
across GE1, measured in the first series of 
radial samples.
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Figure 3.4. The ring by ring radial distribution of chlorine 
across RC.
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Figure 3.5. The ring by ring radial distribution of sodium 
across RC.
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Figure 3.6. The angular distribution of sodium around the 
1960 sapwood ring and the 1939 heartwood ring 
of GE1. The highest concentrations occur in 
the sapwood distribution.
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Figure 3.7. The angular distribution of chlorine around 
the 1960 sapwood ring and the 1939 heartwood 
ring.of GE1. The highest concentrations occur 
in the sapwood distribution.
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Figure 3.8. The angular distribution of bromine around the 
1960-sapwood ring and the 1939 heartwood. ring 
of GE1. The highest concentrations occur in 
the sapwood distribution.
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Figure 3.9. The angular distribution of iodine around the 
1960 sapwood ring and the 1939 heartwood ring 
of GE1. The highest concentrations occur in 
the sapwood distribution.
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Figure 3.10. The angular distribution of calcium around the 
1960 sapwood ring and the 1939 heartwood ring 
of GE1. The highest concentrations of calcium 
■ on the northern side of the tree occur in the
sapwood distribution.
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Figure 3.11. The angular distribution of argon around the 
1939 heartwood ring of GE1.
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Figure 3.12. The angular distribution of chlorine around the 
1968 sapwood ring (top distribution) and the 
1956 heartwood ring (bottom distribution) in RC.
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Figure 3.13. The angular distribution of sodium around the 
1968 sapwood ring (bottom distribution) and 
the 1956 heartwood ring (top distribution) in 
RC.
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Figure 3.14. The angular distribution of^argon around the 
1968 sapwood ring (bottom distribution) and 
the 1956 heartwood ring (top distribution) 
in RC.
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Figure 3.15. The angular variation of density around the 
1968 sapwood ring (bottom distribution) and 
the 1956 heartwood ring (top distribution) 
in RC.
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3.17. The ring by ring radial distribution of.argon 
across RC.
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Figure 3.18. The ring by ring radial distribution of iodine 
across GE1, measured in the first radial series 
of samples.
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Figure 3.19. The variation of the sodium signal, detected in 
irradiated samples of elm core, expressedin 
counts per mg (wet weight).
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Figure 3.20. The variation of the sodium signal, detected in
irradiated samples of elm core, expressed in
counts per mg (dry weight).
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Figure 3.21. The variation of sodium concentrations in 
samples taken along the length of the oak 
core. ~
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Figure 3.22. The variation of magnesium*concentrations in
samples taken along the length of the oak core.
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Figure 3.23. The variation of chlorine concentrations in
samples taken along the length of the oak core.
?crz>o
urn
SAPWOOD HEARTWOOD
L«
or
<5
INCREMENTS OF ONE RING /? 4 -S '
Figure 3.24. The variation of potassium concentrations in
samples taken along the length of the oak core.
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Figure 3.25. . The percentage water content of the samples 
cut from the oak core.
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Figure 3.26. The ring by ring radial variation of magnesium 
across RC.
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Figure 3.27. The variation of cadmium concentrations in 
samples taken along the length of the oak 
core.
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Figure 3.28. The variation of antimony concentrations in
samples taken along the length of the oak
core*
Figure 4.1a. Transverse section number four from GE2. The 
original height of this section above the 
ground was about 3m. Note the extended heart­
wood region and the isolated heartwood coloured 
areas in the sapwood.
Figure 4.1b. Transverse section number one from GE2. The' 
original height of this section above the 
ground was about 150mm. Only small areas of 
the sapwood in this slice of trunk are visually 
distinguishable from the heartwood.
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Figure 4.2
THE RADIAL DISTRIBUTION OF
CHLORINE IN SIX TRANSVERSE 
SECTIONS FROM AN ELM TREE.
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Figure 4,3
THE RADIAL DISTRIBUTION OF
POTASSIUM IN 3X TRANSVERSE 
SECTIONS FROM AN ELM TREE.
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Figure 4.5. The ring by ring radial variation of sodium 
across GE1, measured in the first series of 
radial sanples. .
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Figure 4.6
THE RADIAL DISTRIBUTION OF
MAGNESIUM IN SIX TRANSVERSEo
o
SECTIONS .FROM AN ELM TREE.x
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Figure 4.7
THE RADIAL DISTRIBUTION OF 
IODINE IN SIX TRANSVERSE 
SECTIONS FROM AN ELM TREE
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Figure 4.8. The angular variation of chlorine across the 
sapwood/heartwood areas of the 1970 growth 
ring of section 5 from GE2.
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Figure 4.9. The angular variation of iodine around the 
1970 growth ring of section 3 from GE2.
Figure 5.1a. A histogram of the variation of smoke in the 
Stoke-on-Trent atmosphere from October 1961 
to March 1976.
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Figure 5.1b. A histogram of the variation of smoke in the 
Guildford atmosphere from October 1961 to 
March 1976.
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Figure 5.1c. A/histogram of the variation of smoke in the 
Reading atmosphere from October 1961 to 
April 1975.
CSee next page but one.)
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Figure 5.2a. A histogram of the variation of suphur dioxide 
in the atmosphere of Stoke-on-Trent, from 
October 1961 to March 1976.
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Figure 5.2b. A histogram of the variation of sulphur 
dioxide in the Guildford atmosphere from 
October 1961 to March 1976.
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Figure 5.2c. A histogram of the variation of sulphur 
dioxide in the Reading atmosphere from 
October 1961 to April 1975.
(See next page.)
Notes for Figures 5.1 and 5.2.
These figures provide a comparison of the amount of pollution in 
the atmospheres of Stoke-on-Trent, Guildford and Reading, as measured 
by the quantities of smoke and sulphur dioxide present in the air of 
these cities.
The data used in these figures is a bi-monthly average derived
from the average monthly values given in the Warren Springs Laboratory
*
annual reports for the National Survey of Smoke and Sulphur Dioxide. 
Where values are not given in the histograms they are not present in 
the annual reports, with the exception of the data for the period 
April 1972 to March 1973, which was not to hand at the time of this 
compilation.
The data presented in Figs.5.la and 5.2a are the values obtained 
from Stoke-on-Trent site No. 16 (the Public Health Dept.) for the 
period to September 1968. The rest of the data in these two figures 
relates to site No. 3 (Brownhills High School, Tunstall). It is of 
interest to note the marked downward trend in the levels of pollution 
in Stoke-on-Trent for the first decade of the results shown. Records 
of pollution levels for the National Survey were started in Stoke-on- 
Trent in 1959, but some values also exist for the period 1923-1949.
The Guildford smoke and sulphur dioxide levels (Figs. 5.1b and 
5.2b) represent the data returned from Guildford site No. 1 (the 
Municipal Offices), which has obtained this type of information 
since 1959. . The collection of pollution data in the Reading area 
started in 1958, and the values given in Figs. 5.1c and 5.2c were 
returned from Reading site No. 9 (Bristol and West House, Friar St.).
*
Warren Springs Laboratory, The Investigation of Air Pollution: National 
Survey of Smoke and Sulphur Dioxide, HMSO.
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Figure 5,3. Map o f  StoRe-on*'Trent, showing the principle roads
the railways:and the River Trent, TC, TP, WA, and 
BR denote the approximate positiQna o f  the Tuns tall 
Cemetiy elm, the Tunstall Park elm, the Williams 
Avenue elm and the Blurton Road elm,
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5.4. The ring by ring radial variation of chlorine 
across TP.
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Figure 5>5; The ring by ring radial variation of potassium
across TP.
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Figure 5.6. The ring by ring radial variation of calcium 
across TP.
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Figure 5.7. The ring by ring radial variation of sulphur 
across TP.
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Figure 5.8. The ring by ring radial variation of germanium
across TP.
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Figure 5.9. The angular distibution of germanium around the 
1940 heartwood ring of TP. The 1968 sapwood- 
ring values are all below the minimum detected 
concentration level for germanium in this matrix.
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Figure 5.10. The angular distribution of chlorine around 
the 1968 sapwood ring (top distribution) and
the 1940 heartwood ring (bottom distribution) 
of TP.
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Figure 5.11. The ring by ring radial distribution of chlorine 
across TC.
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Figure 5.12. The ring by ring radial distribution of
potassium across TC.
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Figure 5.13. The ring by ring radial distribution of chlorine 
across WA.
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Figure 5 i 14. The ring by ring radial distribution of rubidium
across WA.
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Figure 5.15. The ring by ring radial distribution of chlorine 
across BR.
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Figure 5 .16. The ring by ring radial distribution of copper
across BR.
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Figure 5.17. The ring by ring radial distribution of 
dysprosium across BR.
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Figure 5.18. The angular distribution of chlorine around 
the 1968 growth ring of BR. 1
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Figure 5.19. A sketch plan of the 
relative positions of 
the six plane trees in 
the centre of Stoke- 
on-Trent and the station­
ary' ice cream van. Not 
to scale.
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Figure 6.1. The ring by ring radial distribution of magnes­
ium across GEl, measured in the first series of 
radial samples.
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Figure 6.2. The ring by ring radial distribution of calcium 
across GEl, measured in the first series of 
radial samples.
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Figure 6.3. The ring by ring radial distribution of 
strontium across GEl, measured in the 
: first series’of radial samples .
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Figure 6.4. The ring by ring radial distribution of 
barium across GEl, measured in the first 
series of radial samples.
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Figure 6.5. A computer assisted tomographic X-ray scan of 
a section of GEl.
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Figure 6.6. The ring by ring radial distribution of 
potassium across the Alice Holt elm.
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Figure 6.7. The ring by ring radial distribution of
chlorine across the Alice Holt elm.
MI
CR
OG
RA
MS
 
PE
R 
GR
AM
- 225 -
HEARTWOODSAPUOOD
tm it*  it* t«tf . »** m* »m m*
INCREMENTS o f ONE RING ftSV
Figure 6.8. The ring by ring radial distribution of 
magnesium across the Alice Holt elm.
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Figure 6.9. The ring by ring radial distribution of
argon across the Alice Holt elm.
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Figure 6.10. The ring by ring radial distribution of 
calcium across the Alice holt elm.
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Figure 6.11. The ring by ring radial distribution of
strontium across the Alice Holt elm.
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Figure 6.12. The ring by ring radial distribution of 
barium across the Alice Holt elm.
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Figure 7.2. A calcium X-ray map over the sample area shown in 
Figure 7.1. '■
Figure 7.1. A secondary electron image, produced on an electron 
microprobe, of part of a ’diseased’ sample from GEl 
(Magnification x300)
Figure 7.3. A potassium X-ray map over the sample area 
shown in Figure 7.1.
Figure 7.4. The lower line depicts the variation in 
intensity of the calcium X-rays along 
the straight upper line. ./
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DENDRO-ANALYSIS: THE STUDY OF TRACE ELEMENTS IN TREE RINGS
W.B. Gilboy, R.E. Tout and N.M. Spyrou 
Department of Physics, University of Surrey, 
Guildford, Surrey, U.K. GU2 5XH
ABSTRACT
In attempts to study environmental contamination over 
long time scales into the past we have been measuring 
the levels of trace and minor elements in individual 
tree rings using instrumental neutron activation analy­
sis. Most of our measurements so far have been done 
on elm tree samples which are widely available due to 
a current epidemic of Dutch Elm disease in southern 
England. Samples taken from every growth ring were 
individually activated for ten minutes in a thermal 
neutron flux of 1.5 x 1012n cm-2sec-1in the 100 kW 
London University research reactor. The acivated 
samples were counted for ten minutes on a 42 cm3 Ge(Li) 
gamma ray detector. These procedures enabled the follo­
wing radioisotopes to be monitored for a large number 
of samples: 190, 2ttNa, 27Mg, 28A1, 38C1, ^K, lt9Ca,
56Mn, 66Cu, 80Br, 87®Sr, 4 1 ^  128I} 139Ba> Some of
the above isotopes show striking systematic variations 
both from ring to ring in a radial direction, and also 
around individual rings. This paper describes these 
results in detail for samples taken from trees grown in 
various locations and assesses the potential of this 
technique for studying past environmental conditions.
INTRODUCTION
In an effort to measure environmental contamination over 
long periods we have been studying the possibility that 
the annual growth rings of trees might contain some 
record of past environmental conditions. This approach 
has already been used to study radiocarbon levels over 
very long periods and it was hoped that traces of other 
elements might also show interesting and useful varia­
tions. We have been systematically evaluating this 
idea since 1974 and this paper describes our experi­
ence to date.
EXPERIMENTAL
In recent years the elm tree population of southern 
England has been decimated by an epidemic of Dutch Elm 
disease. Consequently we have concentrated most of 
our measurements so far on this species, since samples 
are widely available from trees of useful age grown in 
interesting locations. Our most complete results are 
for a horizontal slice taken from an elm tree felled 
in 1974 which had been growing in a residential area 
of Guildford since early this century. Cylindrical 
samples 2.5 mm diameter (the width of one ring) and 
15 mm long weighing about 70 mg were taken from every 
ring using a special steel boring tool. These were 
individually irradiated for ten minutes in a thermal 
neutron flux of 1.5 x 10^2n cm-2sec“* in the core of 
the 100 kW University of London reactor (ULRC). After 
a one minute cooling period the sample was counted for 
ten minutes on a 42 cm3 Ge(Li) detector. The 4096 
channel gamma ray spectra were recorded on magnetic 
tape for later analysis on the University of London 
CDC 6600 computer using the spectrum analysis program 
SAMP0 plus additional routines for peak identification 
and estimation of elemental concentration; each peak 
requires an analysis time of about 0.8 seconds. ‘
This irradiation and counting procedure enabled the 
following radioisotopes to be monitored from sample 
to sample: 190, 2I*Na, 27Mg, 28A1, 38C1, ^ A r , 42K> 
tt9Ca, 36Mn, 6GCu, 80Br, 87mSr, 128I and 139Ba were 
calibrated in a semi-absolute manner from a knowledge 
of the neutron flux and neutron cross-sections. We 
ave assumed the (n,y) reaction to be the dominant 
roduction process, but this may be an oversimplifica­
tion for the cases of 28A1 and 190, where the 3*P(n,y) 
8A1 and 19F(n,p) *90 reactions may be contributing to
the observed yields. The ULRC reactor has a relatively 
high fast neutron flux in the in-core irradiation tube, 
and as yet we have no way of checking the magnitude of 
these alternative production processes.
RESULTS
Some of the induced radioisotopes listed above show 
marked systematic variations, both from ring to ring in 
a radial direction, and also around individual rings. 
For example 42^ shows an increase of 80% in passing 
from the outer sapwood to the inner heartwood Fig. 1
HEARTUOODSAPUOOD
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Figure 1 Radial variation of It2K content 
in the Guildford elm.
which probably mirrors the natural biochemical change 
occurring at the sapwood/heartwood boundary (about the 
1954 ring in this case). In contrast the 38C1 signal 
shows a substantial drop on entering the heartwood zone 
and both 27Mg and 58Mn show similar behaviour.
Some isotopes, principally 24Na and 128I, exhibit a 
strong oscillatory behaviour mostly in the sapwood zone 
In one or two isolated rings the level of some elements 
(e.g. Ba, Ca, Sr in 1950) shows an extremely large 
increase which may be due to previous disease attacks. 
The persistence of these exceptionally high levels and 
their lack of radial diffusion, shows that these ele­
ments at least seem to be fixed fairly permanently 
which may allow their historic variations to be reliab 
measured.
Measurements within individual rings taken at varying 
angles around the tree show strong angular variations 
for some elements. For example the 2^Na, 38C1 (Fig. 2) 
and 80Br sapwood levels are much higher on that part of 
the tree which faces the prevailing wind, while the 
*28I levels are higher at the leeward side. Most of 
the remaining isotopes show little systematic angular 
variation in sapwood,and in the heartwood region 
angular variations are virtually absent for all iso­
topes measured.
Since Guildford is not a centre of concentrated heavy 
industry, we have collected further elm samples from 
the city of Stoke-on-Trent which has been the centre of 
large scale ceramics manufacture since the Industrial 
Revolution and until recent years has possessed a 
highly polluted atmosphere. The first elm sample ana­
lysed from Stoke has an unusually narrow sapwood zone 
so it was only possible to analyse a range of rings
164
ver the heartwood. An indication of the elemental 
oncentrations in the Guildford and Stoke samples is 
iven in Table 1. The comparative results show that 
e Stoke tree has generally lower levels for the range 
f elements analysed.
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Figure 2 Angular variation of 38C1 around 
sapwood (year 1960) and heartwood 
(year 1939) in the Guildford elm. >
he radial variations in the Stoke heartwood (the 
ample goes back to 1930) show no simple correlation 
ith the large reduction in atmosphere pollution levels 
n Stoke-on-Trent which has been achieved over the past 
wo decades.
DISCUSSION
the basis of our present results we have not as yet 
stablished any clearcut connection between the levels 
f trace and minor elements in tree rings and the envi- 
onmental conditionsunder which they have grown.
We have until now only looked at a restricted range of 
isotopes in a limited number of samples, and we intend 
to extend these studies to both shorter and longer 
lived isotopes, and cover a more extensive set of 
samples, including soil samples. A few other workers 
have published more limited measurements of this type 
on other tree species 1»2, but the angular variations 
we have found do not appear to have been observed 
before.
The usefulness of this technique for environmental 
monitoring is not yet established but if successful for 
certain elements its special value would be for dedu­
cing the pre-industrial levels of environmental conta­
mination against which the significance of modern levels 
can be sensibly judged. Since the method is related to 
the archaeological technique of dendrochronology, we 
suggest the term dendro-analysis to describe it.
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ISOTOPE GUILDFORD ELM (pg/g)
IERGY) keV Av. Sapwood Range Av . Heartwood
90(197.4) 29, 300 ND-42,700 34,300
mSr(388.5) 8.7 7.7-13.2 17.4
eI(442.7) 2.2 ND-6.4 0.4
Br (617.0) 0.6 0.34-1.1 ND
Mg (844.0) 809 706-1,095 675
Mn(846.9) 1.9 1.5-2.5 1.1
Cu(1039.0) 0.91 ND-1.43 0.79
Ai(1293.6) 5.2 3.6-9.2 4.4
Na(1368.4) 115 81-162 110
K (1524.7) 3,022 " 2,257-3,541 5,477
Cl (1642.0) 83 70-89 22
Ca(3083) 930 746-1*151 1,513
A1 (1778.9) 0.4 0.2-0.6 0.6
STOKE-ON-TRENT ELM (pg/g)
Range Sapwood Ring Av. Heartwood Range
ND-47,300 38,500 40,100 26pOO-45,200
12.2-176.5 ND 6.3 3.8-12.6
ND-3.6 ND 0.07 ND-0.1
ND-0.4 0.32 0.2 ND-0.3
566-2,304 123 140 89-162
0.64-3.2 1.0 1.0 0.7-1.5'
ND-1.49 0.54 0.44 ND-0.82
2.1-8.3 4.2 3.0 2.1-3.6
84-162 36 22 17-51
4,749-6,789 2,106 1,888 1,114-3135
16-44 32 10.3 7.8-19.1
1,151-38,100 838 1,119 827-2,021
0.2-1.5 0.5 0.3 0.2-1.0
Table 1. The average (Av.) concentrations and range of concentrations in the 
sapwood and heartwood in sections of elm trees from the Guildford 
area, and from the Stoke-on-Trent area. Values are in micrograms 
per gram. (ND = Below detection limit).
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NEUTRON ACTIVATION STUDIES OF TRACE 
ELEMENTS IN TREE RINGS
R. E. TOUT, W. B. GILBOY, N. M. SPYROU
Medical and Environmental Physics Group, Department o f  Physics, University o f  Surrey,
Guilford, Surrey (U. K.)
(Received November 15, 1976)
The levels of twelve elements most of which are either considered essential to plant 
growth or have been detected in air filter samples in an air pollution survey, have been 
monitored in three transverse sections of trees, two elms (ring porous trees) and one cedar (a 
conifer). Two dimensional distributions of these elements around the tree rings of the 
section and radially from ring to ring, have been obtained to see if tree rings can be analysed 
for use as a record of historical pollution.
Introduction
The familiar ring structure that can be seen on the transverse section of trunks 
om most types of tree is due to the different sized cells in the trunk which cause 
e ‘colour’ of the wood to vary. This variation o f cell size is due to the different 
tes of growth of the tree which are governed by the trees climatic environment 
Western Europe, and many other parts of the world, as the climate follows a 
arly cycle the growth cycle of the tree also functions on a yearly basis and one 
owth ring is formed annually. A number of other factors, such as disease or se­
re climatic changes can alter the annual cycle o f growth ring patterns but, gen- 
ally it is possible to date the year of formation of a tree ring to within one or 
o years. This, combined with the fact that the width of tree rings in the same 
pe of tree, in the same geographical area, vary in a similar way, has been used 
tensively in the science of Dendrochronology.1
Many studies have been carried out to investigate the uptake of various elements 
plants. Plants, to a greater or lesser extent can partially control their uptake of 
sential elements from the soil, but they also take into their systems varying amounts 
non-essential elements which are present in the environment in which they live, 
the elements taken into a tree’s system were reflected in the subsequent elemen- 
analysis o f that ring at a later date, then tree rings could be used as monitors 
the levels o f past environmental conditions. An example of this are the radio-
Radioanal. Chem. 37 (1977) 
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carbon measurements on tree rings, formed during the period o f nuclear arms te 
which showed that the high levels of 14C, formed in those years, persisted in th 
tree ring in which they were formed.2 If true for all elements this would make 
tree ring analysis (‘Dendroanalysis’) a valuable indicator of the past environment. 
A number of air pollution studies have been carried out by the Medical and En­
vironmental Physics Group at Surrey,3 and in an effort to extend the results fu 
back in time work on Dendroanalysis was started in 1974. This paper describes 
progress to date.
Theory
When examining a transverse section of a tree trunk a number of different re 
gions can be seen. In the centre of the rings is a small circle of material, the pi 
of the tree. This is a primary tissue which is probably functionless, although it 
contain a certain amount o f water and waste substances. The pith is surrounded 
by the xylem which is the wood of the tree and contains all the annual growth 
rings formed during the life of the tree. The xylem consists of two different zo 
which can be easily distinguished in most types of tree; the outer rings, which a 
usually lighter in colour, are the sapwood and it is through the first few rings o 
the sapwood that the conduction of sap occurs. The inner rings of the xylem ar 
the heartwood rings, which are generally darker in colour due to tannins, resins 
and colouring matter being deposited there. The heartwood is generally consider 
to be completely dead and acts only as a support and as a repository for waste 
materials. The xylem is surrounded by the cambium layer, in which new xylem 
and phloem cells are generated, from which new growth rings start. Surrounding 
the cambium is the phloem (or inner bark) layer o f cells, through which transp 
tation of materials from the leaves occurs. This in turn is surrounded by the pr 
tective outer bark.
• Some studies have been carried out on the analysis o f wood4,5 and these su 
gest that differences in elemental composition exist between different parts of 
same tree. The ways in which trees could take up heavy metals (e.g. pollution 
products) and what might happen to them once incorporated in the structure o 
the tree6 has been considered. Other studies7 have considered what happens to 
normal waste and excess substances within a tree. These indicate that pollution 
products might not be retained as readily as it was at first supposed and also t 
there is some movement of waste substances across the tree. Thus smoothing o 
of localised fluctuations within the tree is possible. Since no published work, sh 
a detailed survey o f a wide range of elements across a transverse section o f a t 
exists, and, as this was considered to be of interest to tree physiology as well 
environmental studies, the following work was carried out.
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Sixteen elements are considered to be essential for growth in all plants,8 these 
e the macro elements (present in relatively large concentrations) C, H, 0 , N, Mg, 
S, K and Ca, and the micro elements (present in much smaller concentrations)
Cl, Mn, Fe, Cu, Zn and Mo. Na, V and Co are considered to be essential in 
me plants only.9 It was considered necessary to monitor fluctuations in the essen- 
elements as well as possible pollution products because environmental condi- 
ns may affect the extent to which a tree takes up these essential elements. Ele- 
ents determined in previous air pollution studies3 which might also be detected in 
ees, if  absorbed from the environment and retained in the tree rings, are Na, Al,
, V, Mn, Br and In. Neutron activation analysis can conveniently be used to de- 
rmine most of the elements mentioned above.
Experimental
Tree cell structures can be divided into three types, conifers, ring porous and 
ffuse porous. Samples of the first two types have been studied. Most o f the 
pies have been taken from the xylem o f two elm trees (ring porous) and one 
dar (conifer).
The first samples were taken from a section of a recently felled elm tree (Ul- 
s x hollandica ‘Hollandica’), which was situated in a residential area o f Guild- 
rd, the town of our original air pollution survey. No direct sources o f pollution 
re in the immediate vicinity o f this sample, and it was thought it would provide 
ckground elemental concentrations to compare with more polluted samples. The 
ildford Elm was one o f a line of trees, felled because of the effect o f ‘Dutch 
’ disease; a disease which has been rampant throughout much of the South of 
gland, and which made elm tree samples readily available.
The ring pattern of this tree showed it to be more than 60 yeras old as the 
od contained 20 sapwood rings and 41 heartwood rings, surrounding an area 
pith. The average diameter of the section was 50 cm and the width o f each ring 
approximately 3 mm. A steel boring tool was designed to remove samples of 
mm diameter and 15 mm in length from the rings. Radial variations were mon- 
red by three series o f radial samples which consisted of a sample from the 
ter bark, the inner bark, every sapwood ring, nearly every heartwood ring and 
equidistant samples across the pith. Variations within and around the rings 
re monitored by taking samples at intervals o f fifteen degrees around a sap- 
od ring (formed in 1960) and a heartwood ring (formed in 1939). A total of 
samples were cut and analysed from this first section of tree. The results 
wed how the concentration o f various elements varied in two dimensions, across
adioanal. Chem. 37  (1977) 707
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and around the tree section. An elm which was recently felled on the Universi 
campus, has had six sections removed from the trunk at intervals of 1 m. Sam 
from these are now in preparation in order to obtain three dimensional elemen 
concentrations.
A series of elm transverse sections has been obtained from the city o f Stoke 
Trent. The area has had a long history of heavy industry, including coal mining 
railways and potteries and at times the atmosphere in Stoke has been heavily p 
luted, so much so that in some parts of the city elms were often the only tree 
able to grow. A series o f six trees have been obtained from around the city an 
at present only one has been sampled and analysed. The section of a conifer ( 
atlantica ‘Glauca’) from a residential area in Reading, has been sampled for co 
parison with the samples of the ring porous elms.
Due to the large number of samples involved, short experimentation times w 
required. The irradiation conditions most suited to the range of elements being 
monitored were found to be an irradiation time of 10 minutes, a waiting time 
1 minute, followed by a 10 minute count.10 The activated samples were place 
on a specially shaped perspex disc (for constant counting geometry) situated o 
45 cm3 Ge(Li) detector. The output from this detector was taken to a Laben 
multi channel analyser, with a seven track tape deck for spectrum storage. The 
gamma-ray spectra were subsequently analysed on the University of London C 
6600 computer, using the library program ‘SAMPO’ to which subroutines have 
added for peak identification and for calculation o f the mass of elements prese 
All irradiations were carried out at the University of London Reactor Centre, 
a thermal neutron flux of 1.5 • 1012 n • cm-2 • sec-1 . Bowen’s Kale and N.B.S. Or 
Leaves were used as standard reference materials.
Results and discussion
The average concentration of the elements detected in the sapwood and the 
heartwood of the Guilford Elm, the Stoke-on-Trent Elm and the Reading Ceda 
are compared in Table 1. This shows that for several elements their average val 
in the sapwood and in the heartwood of the same samples are quite different, 
can clearly be seen in the radial distributions of the samples (Figs 1—4). The 
in concentration of Cl across the sapwood/heartwood boundary is approximatel 
the same for all three samples (4 to 1), but the change of concentration o f K 
radically different between the Guilford Elm (Fig. 1) and the Reading Cedar 
(Fig. 2).
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Fig. 1. The radial variation of K across the rings in the Guildford Elm
cn
*o HeartwoodSapwoodBarkX
Minimum detection level
19501955196019651970Bark 1975
Increments of one growth ring
Fig. 2. The radial variation of K across the rings in the Reading Cedar
The increase or reduction in concentration between the sapwood and the heart- 
od occurs for several of the elements studied. This would tend to suggest that 
isportation of substances within the tree is taking place, not only out of the 
pwood into the heartwood [K in Guildford Elm (Fig. 1)] as suggested by the 
chanism of disposal o f waste substances,8 but also out of the heartwood into 
e sapwood [K in Reading Cedar (Fig. 2)]. From these figures the fluctuations 
tween adjacent samples in the heartwood seems to be much less than in the sap-
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Fig. 3. The radial variation of Cl across the rings in the Guildford Elm
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Fig. 4. The radial variation of G  across the rings in Reading Cedar
wood. The distribution o f K in the Stoke Elm however, shows a slightly differ 
pattern, probably due to the very small amount of sapwood present in the sect 
(thirty eight heartwood rings and only three sapwood rings). After the first eip 
rings of the heartwood the concentration of K is fairly constant, and the flucl 
tions become smoother. In Table 1 the concentrations in the Stoke Elm are at 1 
er levels than in the Guilford Elm. One of the reasons for this could be th 
amount of the elements available in the soil for the tree to take up, and at th 
moment soil samples from the sites of the elms are being analysed. The Stoke
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Table 1
The average value of concentrations for elements present in sapwood samples 
and heartwood samples taken from the Guildford Elm, 
the Stoke-on-Trent Elm and the Reading Cedar. All values are in /ig/g
Element
Guildford Elm Stoke-on-Trent Elm Reading Cedar
Sapwood Heartwood Sapwood Heartwood Sapwood Heartwood
Na 124 123 48 26 167 204
Mg 1550 1258 201 210 238 BDL
S BDL BDL 1344 845 2742 1690
Cl 155 34 57 15 231 60
K 5083 8998 3946 2651 2418 BDL
Ca 831 1271 529 1023 1012 121
Mn 2.2 1.5 0.7 1.0 12 1.3
Cu 3 2.4 BDL 3.2 BDL 1.9
Br 1.1 BDL 0.5 0.4 BDL 0.4
Sr 12 17 5.5 7.4 BDL BDL
I 3.1 1.0 BDL 0.1 BDL BDL
Ba BDL BDL BDL 3.4 BDL BDL
BDL =  below detection limit.
as subject to high levels o f pollution, which was reflected in a distorted and 
inted shape. This might have affected the trees ability to take up necessary ele- 
ents, or it may have caused the tree to reduce its intake of elements in order 
o reduce its intake of pollution products. The average levels o f elemental concen- 
ration within a tree may therefore be used as a guide to the degree o f pollution. 
ie one elemental concentration which is higher in the Stoke Elm than in the 
uildford Elm is sulphur. Although there is a large amount of sulphur in biological 
aterial, this perhaps indicates an increase from pollution.
Apparent directional variations were detected in the sapwood angular distributions 
f  Br and I (Figs 5 and 6), and Na and Cl, in the Guildford Elm. These were not 
resent in the heartwood where the angular distributions were much smoother. Pos- 
ble directional variations in the sapwood analysed from the Reading Cedar only 
ccured in the results for Cl. Any directional variations present in the Stoke Elm 
ust be distorted due to the small amount of sapwood. From the radial distribu- 
ons for the Guildford Elm and the Reading Cedar (Figs 1—4), very high levels 
f  all elements studied are present in the first 2 or 3 rings of the sapwood, the 
ngs through which the conduction of sap occurs. As the Stoke Elm only has 3 
pwood rings the sapwood angular distribution shows a mixture pf efffects, although
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Fig. 5. The angular variations of Br around the rings in the Guildford Elm which were forme 
in 1960 (top distribution) and 1939 (bottom distribution)
cn
^  Minimum detection level
13? 180 225
Intervals of fifteen degrees
270 315
Fig. 6. The angular variation of I around the rings in the Guildford Elm which were formed 
in 1960 (top distribution) and 1939 (bottom distribution)
the angular distribution of Cl for the Stoke Elm does show two very definite p 
No directional information was available for the Stoke Elm or the Reading Ced 
as the stumps were not accessible.
These results indicate movement across tree ring boundaries of the element 
studied. This could happen in the living tree or in the section of wood when d 
out, or both. The sharp changes in concentration at the sapwood/heartwood bo
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Fig. 7. The radial variation of Na across the rings in the Reading Cedar
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Fig. 8. The radial variation of Sr across the rings in the Guildford Elm
d constant levels on each side, seem to suggest these are movements that take 
lace in the living tree. If this occured during drying either a smoothing out of the 
vels on both sides would be expected, or a build up at the boundary where the 
lement was passing out of one area of the xylem into the other would take place, 
uch elevated levels only occured for Cl in the Guildford Elm, (Fig. 3), and Na in 
e Reading Cedar, (Fig. 7).
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The movement o f elements within the tree would suggest that pollution prod 
taken up into the tree would not remain in the quantities and positions they ori 
inally occupied, except possibly in the sapwood, which usually does not consist 
of more than 20 growth rings.
Events that had physically affected the trees under study did show up in the 
results. The radial distributions of Sr and Mg (Figs 8 and 9) and Ba and Ca, for
Sapwood Heartwood
Pith
OB IB19741970 1965 1960 1955 1950 1945 1940 1935 1930 1925 1920 1915 Pith 
Increments of one growth ring
Fig. 9. The radial variation of Mg across the rings in the Guildford Elm
the Guildford Elm showed highly elevated levels in the sample taken from the 
formed in 1950. The sample and surrounding areas showed signs of having suffe 
from an attack o f ‘Dutch Elm’ disease. This offers a possible means of identify' 
past attacks of disease, during tree life. Similar elevated levels were detected in 
sample taken from a ring formed in 1914. "The first case of ‘Dutch Elm’ disease 
observed in England, was reported in 1927 although it is likely the disease was 
present many years before this.11
A thin dark line was observed to be present in a few samples taken from th 
heartwood angular distribution of the Reading Cedar. These samples gave elevat 
levels o f Na and Cl in the angular distribution for the ring formed 20 years ago 
The Cedar tree was transplanted to its present site from a nursery 20 yeras ago 
and it is thought the dark line might be scar tissue that may have resulted froi 
slight damage that occured during transplantation.
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Conclusion
The concentration o f twelve elements has been measured in several series of sarn­
ies o f wood taken from two elm trees and one cedar. Definite movement of most 
f  these elements between the two main parts of the xylem has occured in all 
ee trees. This makes it seem unlikely that any pollution products taken up from 
e atmosphere would be retained in the same ring in which they were originally 
ccumulated. Exceptions may occur in the sapwood rings, where a few elements, 
specially Cl, show directional peaks which do not persist in the heartwood. (Very 
cent work on trees where the rings formed during nuclear weapon tests have 
assed from the sapwood stage of the wood to the heartwood, indicates there are 
me filtration effects on the high levels o f bomb 14 C at the sapwood/heartwood 
oundary.12)
The general suppression of trace element levels observed may act as a guide to 
revailing pollution conditions.
*
Thanks are due to the Director Mr. M. KERRIDGE and the staff of the University of Lon- 
n Reactor Centre for use of the facilities.
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I think that I shall never see 
A billboard lovely as a tree. 
Perhaps unless the billboards fall, 
1*11 never see a tree at all.
From *Song of the Open Road1 
by Ogden Nash
